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FOREWORD 

The Reactor Development P r o g r a m P r o g r e s s Report, issued 
monthly, is intended to be a means of reporting those i tems 
of significant technical p rogress which have occurred in 
both the specific reactor projects and the general engineer­
ing r e sea r ch and development programs, The repor t is or­
ganized in a way which, it is hoped, gives the c learest , most 
logical over -a l l view of p rogress . The budget classification 
is followed only in broad outline, and no attempt is made to 
repor t separately on each sub-activity number. Fur ther , 
since the intent is to repor t only i tems of significant prog­
r e s s , not all activities a re reported each month. In order 
to issue this repor t as soon as possible after the end of the 
month editorial work must necessar i ly be limited. Also, 
since this is an informal p rogress report , the resu l t s and 
data presented should be understood to be pre l iminary and 
subject to change unless otherwise stated. 

The issuance of these repor ts is not intended to constitute 
publication in any sense of the word. Final resu l t s either 
will be submitted for publication in regular professional 
journals or will be published in the form of ANL topical 
r epo r t s . 

The last six repor t s issued 
in this se r i es are : 

January 1964 ANL-6840 

February 1964 ANL-6860 

March 1964 ANL-6880 

April 1964 ANL-6885 

May 1964 ANL-6904 

June 1964 ANL-69 12 
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I. BOILING WATER REACTORS 

BORAX-V 

1. Operations 

Power operation with the PSH-1 core has continued for a total in­
tegrated power of 186 MWd. One week of operation was conducted with a 
single p repared defective boiling fuel rod and one week with ten prepared 
defective boiling fuel rods . 

Radiation levels increased very slightly throughout most of the 
plant as a resul t of the installation of defective boiling fuel rods, except 
for the charcoal filter in the air ejector exhaust system, as can be seen 
in Table I. 

Table I. Plant Radiation Levels with Prepared 
Defective Boiling Fuel Rods 

Power Level, MWt 

Main Steam Line Reactor Bldg, mR/h r* 

Main Steam Line Turbine Bldg, mR/hr** 

Condenser Hotwell, m R / h r 

Air Ejector Exhaust Charcoal F i l t e r s , mR/h r 

Reactor Water Line to Bypass Demineral izer 
(DM-1), m R / h r 

Condensate Return Line, m R / h r ' 

N u m b e r of Defec t ive 
F u e l Rods 

0 

11.3 

6 5 

4 0 

26 

4 5 

4 7 

8 

1 

1 1 -

8 0 -

3 0 -

1 3 -

4 5 -

2 8 -

3 -

I 

•12 

•85 

- 4 0 

• 3 3 

•70 

•45 

• 8 

10 

1 1 -

9 0 -

4 5 -

6 0 -

2000^ 

33^ 

30^ 

- 1 2 

-100 

- 5 2 

- 8 0 

-2900 

- 8 5 

- 4 0 

•Monitor located on the main steam pipe line. The pipe line distance 
from the reactor is about 42 ft. 

**Monitor located on the main steam pipe line. The pipe line distance 
from the reac tor is 300 ft. 

tMonitor located on the condensate pipe line. The pipe line distance 
from the condenser hotwell is about 300 ft. 

Additional flux wire i r radiat ions and miniature ion chamber t rav­
e r s e s were made to find the changes in flux distribution under various op­
erating conditions. Other experiments determined the effect of changing 



d e m i n e r a l i z e r flow on changes in power l eve l and on power sp l i t b e t w e e n 
boil ing and s u p e r h e a t i n g r e g i o n s . Rout ine w a t e r c h e m i s t r y and i n - c o r e in ­
s t r u m e n t a t i o n m e a s u r e m e n t s cont inued. 

Fol lowing comple t i on of o p e r a t i o n wi th defec t ive boi l ing fuel e l e m e n t s , 
an e x p e r i m e n t was in i t i a ted us ing defec t ive s u p e r h e a t e r fuel. The t en d e ­
fect ive boil ing fuel r o d s w e r e r e p l a c e d wi th good e l e m e n t s and one f r e s h 
out le t s u p e r h e a t e r fuel a s s e m b l y , conta in ing a s a m p l e of defec t ive s u p e r ­
h e a t e r fuel, was in s t a l l ed . A d j u s t m e n t s in the n u m b e r and loca t i on of 
b o r o n - s t a i n l e s s s t e e l po i son r o d s w e r e m a d e to m a x i m i z e r e a c t i v i t y w i t h ­
out violat ing the s i n g l e - c o n t r o l - r o d shutdown c r i t e r i o n , 

2, E x p e r i m e n t s 

a. Defective Bo i l e r F u e l E x p e r i m e n t s . The defec t ive b o i l e r fuel 
rod e x p e r i m e n t s in c o r e PSH-1 w e r e run in two s t a g e s . F i r s t , a s ing le boi l ­
ing fuel rod p r e p a r e d wi th a s ingle l / 8 - i n . - d i a hole d r i l l e d t h r o u g h the c l ad ­
ding a t the v e r t i c a l co r e c e n t e r was p l aced in the b o i l e r . After a w e e k of 
opera t ion , the f i s s ion p roduc t l eve l s in the s t e a m s y s t e m w e r e b a r e l y d e ­
t ec tab le , so an addi t iona l nine p r e p a r e d defec t ive fuel r o d s w e r e i n s t a l l e d 
in the bo i l e r . These nine r o d s conta ined two l / 8 - i n . - d i a c ladding h o l e s , 
1 8 0 ° a p i r t , loca ted 1 in. above the bot tom of the fuel , and two l / 8 - i n . - d i a 
holes loca ted in the gas space above the fuel. The fuel r od c h a n g e s w e r e 
m a d e th rough the c e n t r a l r e a c t o r - v e s s e l - h e a d n o z z l e . 

The g r o s s specif ic g a m m a ac t iv i ty of r e a c t o r •water and s t e a m 
was d e t e r m i n e d throughout t he se t e s t s . In Table II the r e s u l t s of t h e s e 
m e a s u r e m e n t s , a s we l l as a c t i v i t i e s for s o m e p e r i o d s p r i o r to the t e s t s , 
a r e given. E a c h value was obta ined by count ing a t 20 m i n a f te r s a m p l i n g , 
but no decay c o r r e c t i o n was appl ied . 

Before the t e s t s wi th defect ive fuel, the r e a c t o r •water ac t iv i ty 
a v e r a g e d 37 t i m e s h ighe r than the ac t iv i ty of the s a t u r a t e d s t e a m and 
20 t i m e s h igher than that of the s u p e r h e a t e d s t e a m . The s u p e r h e a t e d s t e a m 
had (on the a v e r a g e ) about 1.8 t i m e s a s m u c h ac t iv i ty a s the s a t u r a t e d 
s t e a m . 

The t e s t wi th the s ingle defect ive rod d e m o n s t r a t e d that one 
defect h a r d l y changes the a c t i v i t i e s or s p e c i e s of a c t i v i t y no t iced b e f o r e . 
Again using a v e r a g e v a l u e s , the r e a c t o r w a t e r ac t iv i ty w a s (omi t t ing value 
obtained at 1105 Ju ly 7) 31 t i m e s h ighe r than the ac t iv i ty of the s a t u r a t e d 
s t eam and 26 t i m e s h ighe r than that of the s u p e r h e a t e d s t e a m . The ac t iv i ty 
of the s u p e r h e a t e d s t e a m w a s only 1.2 t i m e s h i g h e r than tha t of the s a t u ­
r a t e d s t e a m . 

With 10 defect ive r o d s (making a to ta l of t h i r t y - s e v e n l / 8 - i n . 
ho les ) , the in tens i ty of a c t i v i t i e s changed by two o r d e r s of m a g n i t u d e in the 
s t e am, but r o s e only s l ight ly h ighe r in the r e a c t o r w a t e r . The s a m e i so top ic 



species were found as before. Each examination of the reactor water 
showed pr imar i ly Na^*, which gave such an intense gamma spectrum that 
all other species were masked out. Radio-iodine was also found, but in 
very low concentrations. In the saturated and superheated steam, Xe 
Xe'^^ Kr^^, and Kr** with their daughters and some radio-iodine were r e ­
sponsible for most of the activity. 

Table II. Gross Specific Gamma Activity Comparisons, 
Defective Boiling Fuel Rod Tes t s , Core PSH-1 

cpm/ml 

Date 

5/20 
6 / 8 
6 / 9 
6/17 
6/23 
6/23 

7 / 7 
7 / 7 

Vv 
7 / 8 

7 / 9 
7/10 

7/14 
7/14 
7/14 
7/14 
Vl5 
7>15 
7/15 
7/15 
7/16 
7/16 
7/16 
7/16 
7/17 
7/20 

Approx 
Time 

1530 
1520 
1717 
1319 
1250 
1535 

1105 
1330 
1445 
0910 
1433 
1145 

1050 
1253 
1409 
1545 
0915 
1117 
1345 
1600 
0915 
1115 
1335 
1555 
0912 
1600 

Power 
(M'Wt) 

10 

19 
5 

12 
10 
10 

0 
5 

11.8 
11-12 
10 

5 

4 .5 
20 
20 
18 
10-11 
10-11 

9.8 
9.5 
9 .5 
9.5 
9 .5 
9.5 

11.6 
18.8 

Reactor Saturated 
Water Steam 

No Defective Be 

178,000 
147,000 
91,000 

383,000 
85,000 

145,000 

Singl 

6,000 
53,000 
89,000 
98,000 

134,000 
113,000 

Ten 

79,000 
144,000 
162,000 
174,000 
109,000 
111,000 
219,000 
428,000 
201,000 
412,000 
581,000 
732,000 
131,000 
142,000 

6,200 
7,600 
3,300 
4,900 
2,400 
3,600 

e Defective 

730 
2,400 
2,800 
3,600 
3,200 
3,800 

Defective B 

146,000 
283,000 
248,000 
309,000 
296,000 
284,000 
307,000 
261,000 
297,000 
256,000 
310,000 
301,000 
371,000 
182,000 

Superheated 
Steam C( 

filing Fuel Rods 

9,100 
4,700 
6,900 

24,000 
3,500 
4,000 

Boiling Fuel Rod 

640 
3,000 
3,400 
3,600 
4,600 
4,100 

.oiling Fuel Rods 

71,000 
78,000 

146,000 
112,000 
159,000 
71,000 
70,000 
60,000 
76,000 
64,000 

150,000 
157,000 
187,000 
123,000 

Dndensate 

3,650 

-
-
-
-
' 

-
-

1,700 
2,000 

-

-
-
-
-

8,600 
5,500 
8,700 

-
6,900 

11,000 
9,500 
9,200 
7,700 

-

R 

DM-1 
DM-1 
DM-1 
DM-1 
DM-1 

emarks 

off* 
at 30 gpm 
off at 1443 
off at 1055 
off at 1352 

Aluminum ni t rate 
injected 

DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 

DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 
DM-1 

off 

at 1 3. 5 gpm 
at 24, 5 gpm 
at 36 gpm 
at 25 gpm 
at 17 gpm 

off 

at 39 gpm 
at 39 gpm 
at 39 gpm 
at 35 gpm 
at 35 gpm 
off 
off 
off 
off 
off 
off 

at 35 gpm 
at 35 gpm 

*DM-1 is Reactor Water Bypass Demineralize 

Power level, and especially the flow rate through the reactor 
water bypass demineral izer (DM-l), strongly affected the activity of the 
reactor water, but had a much smaller proportional effect on the steam. 
The first day of the test with 10 defective rods (see Table II, July 14), the 
saturated steam activity had increased by a factor of 78, making it 



1.7 times higher than the activity of the reactor water, which showed only 
a moderate increase. The superheated steam showed less activity than 
the saturated steam by a factor of 2.4. On July 15, the average activity of 
the reactor water had increased, possibly by an increase of iodine concen­
tration (see Table III) and nonvolatile daughters (Ba''*" and La''*", for exam­
ple). On this day, the averages show the saturated steam activity to be 
only 1.3 times higher than the activity of the reactor water, but the super­
heated steam activity became 3.2 times smaller than that of the saturated 
steam. On July 16, the reactor water demineralizer was turned off; the 
reactor water activity increased by a factor of 2.2, and the saturated and 
superheated steam activities went up by factors of 1.01 and 1.23, 
respectively. 

Table III. I Concent ra t ions and C o m p a r i s o n s , Defect ive 
Boiling Fuel Rod T e s t s , Core PSH- 1 

R e m a r k s Date 

7 / 7 
7 / 7 

7 / 7 
7 / 8 

7 / 9 
7/10 

Tinne 

1016 
1258 
1421 
0850 
1415 
1125 

Level 
(MWt) 

0 

5 

11.8 
11-12 
10 

5 

Values in d / m / m l 

Reac tor Sa tura ted Superhea ted 
W, ater Steam St 

Single Defective Rod 

16 4 
8 4 
5 4 

13 5 
36 5 
13 5 

Ten Defective Rods 

eann 

4 
4 

4 

6 
5 

5 

DM-1 off 
DM-1 flow - 13.5 gpm 
DM-1 flow - 24,5 gpm 
DM- 1 flow - 36 gpm 
DM-1 flow - 25 gpm 
DM-1 flow - 17 gpm 

7/14 1030 4,5 180 20 10 DM-1 off 
7/14 1230 20 925 22 9 DM-1 flow - 39 gpm 
^f}" 1343 20 550 13 6 DM-1 f l o w - 39 gpm 
^ ^ 1 * 1525 18 188 6 6 DM-1 f l o w - 39 gpm 
7/15 0843 10-11 136 10 5 DM-1 flow - 35 gpm 

if^X ; ° « ' ° - l l '15 8 6 DM-l flow -35 gpm 
7/15 1330 9,8 240 10 4 DM-1 off 
^ /15 1540 9.5 515 16 4 DM-1 off 
^f}^, 0855 9.5 371 26 5 DM-1 off 7 / I6 1052 9.5 742 24 5 DM-1 off ' / , ^ ^ 3 UIVl- 1 Olt 
% 1 ^ 1318 9.5 1110 52 18 DM-1 off 
^'^^ 1534 9.5 1590 70 27 DM-1 off 

'̂ " - \\\ .Z Ĵ  ,2 r ir :L--
, ,n nnn , L 7°" P''°<^"'=* monitor gave fairly steady readings of 
120,000 to 140,000 c/m for saturated steam and of 23,000 to 25,000 c /m 
for superheated steam during the test with 10 defective rods. During the 
test with the single defective rod, the readings were about the same as for 
normal operation for the superheated steam (i,e,, 1200-2000 c/m) but 
went up about 2- times for the saturated steam (i,e,, from 400 to I'oOO c/m) 



To gain some indication of the fission product re lease , I ^ in 
reactor water, saturated steam, and superheated steam was determined, 
with the resul ts in Table III, all corrected for sampling time. Pr ior to the 
defect tes ts , l'-" was not detected. It may be seen that (1) the fission 
product iodine remained mostly in the reactor water; (2) it was at fairly 
low levels in the steam; (3) the superheater removed up to 92% of the 
iodine coming in with the saturated steam when the inlet concentration 
was high; and (4) the iodine concentration in the reactor water was mainly 
dependent on demineral izer flow. 

Decontamination factors for iodine, determined from the data 
of Table III, are tabulated with power level in Table IV. 

Table IV. Iodine Decontamination Factors Defective 
Boiling Fuel Rod Tests, Core PSH-1 

Reactor Water 

Date 

7 /7 
7 /7 
7 /7 
7 /8 
7 /9 
7/10 

7/14 
7/14 
7/14 
7/14 
7/15 
7/15 
7/15 
7/15 
7/16 
7/16 
7/16 
7/16 
7/17 
7/20 

Time 

1016 
1258 
1421 
0850 
1415 
1125 

1030 
1230 
1343 
1525 
0843 
1045 
1330 
1540 
0855 
1052 
1318 
1534 
0854 
1518 

Power 
Level Saturated 
(MWt) Steam 

Single Defective Rod 

0 
5 

11.8 
11-12 
10 

5 

Ten Defective 

10-11 
10-11 

9.8 
9.5 

10-11 
10-11 

9.8 
9.5 
9.5 
9.5 
9.5 
9.5 

11.6 
18.8 

4 
2 
1.2 
2.6 
7 
2.6 

Rods 

9 
42 
42 
31 
13 
14 
24 
32 
14 
31 
32 
23 
17 
16 

Superheated 
Steam 

4 
2 
1.2 
2 
7 
2.6 

18 
103 

91 
31 
27 
19 
60 

128 
72 

148 
62 
59 
87 
20 

It would seem probable that, at a given power level in a ser ies 
of measurements , the same decontamination factor should be observed for 



a given radioisotope; however, the values of the decontamination factors 
varied It should be emphasized that the decontamination factors based on 
gross activities are not meaningful, because the major part of the steam 
activity is due to fission product gases or their daughters. 

The reactor water was sampled after the extended run without 
DM-1 flow (July 16) and examined for Mo" and uranium. Mo' ' was present 
in detectable concentration, but no uranium (i.e., < 0.014 Mg/^l) could be 
detected Cesium isotope determinations were also made on samples of 
reactor water, saturated steam, and superheated steam, but by the time the 
analysis was completed ( ~16 hr) none could be detected. 

Decay data were taken on samples from the reactor system 
during the tests with 10 defective rods. In Table V the data obtained are 
given in terms of percent decay in the time noted rather than by tabulating 
half-lives, because each point sampled showed complex decay curves 
caused by three or more isotopes. 

Table V. Decay Data from Water and Gas Samples 

Sample Point 

Reactor Water 
Saturated Steam 
Superheated Steam 
Condensate 
Air Ejector Exhaus t Gas 

% > Decay 

92.6 
98.5 
98.3 
98.3 
98.1 

Elap sed Time, 

~ 54.5 
~ 30.0 
~ 30.0 
~ 28.0 
~ 28.0 

h r 

Deposition samples placed in the steam line showed that Ba 
and La''*" were the predominant isotopes deposited as determined by gamma-
ray spectrometry. Deposition activity attenuated along the length of the 
steam line, as expected. The data are being analyzed. 

b. Power Split Experiments. The last column of Table II, p. 2, in 
Progress Report for June 1964, ANL-6912, is incorrect . Table VI gives 
the correct values. The effect of increased demineralizer loop flow is to 
increase reactor inlet water subcooling and reactor power level. It does 
not seem to change the percent of power production in the superheater. 

Table VI, Change in Superheater-boiler Power Split by 
Control Rod Manipulation, Core PSH- 1 

Po'wer 
Level 
(MWt) 

8.1 
7,6 
7,4 
7,3 

Sup 
Exi 
Te 

erhea 
t Ste 
mp (= 

820 
830 
790 
765 

-ter 
a m 
'F) 

Cent 

Central 

19.80 
17,50 
25,00 
25,00 

rol Ri 

Int' 

Dd Posit ions 

ermediate 
Gang 

19.80 
19.80 
19.80 
25.00 

(in.) 

Outside 
Gang 

19.80 
25.00 
16.00 
12,00 

Power 
Produced 
in Super­
heater (%) 

16,6 
17,0 
15,7 
14,9 



Table VII shows the data obtained from new power split ex­
per iments . Control rods remained in the full "out" position, and the flow 
to the reactor water demineral izer loop was varied. 

Table VII, Change in Reactor Power with Change 

Deminera l izer 
Loop Flow (gpm) 

0 
10 
20 
30 
31,5 
36,0 

c. I n - c o r e I n s 

in Deminera 

Reactor 
Power (MWt) 

8,7 
9,0 
9,7 

10.3 
10.5 
10.5 

t r u m e n t a t i o n 

l izer Loop Flow 

Power to 
Steam (MWt) 

8.7 
8.4 
8.5 
8.5 
8.7 
8.4 

M e a s u r e m e n t s . Dur ing the 

Power 
Produced 
in Super­
heater (%) 

16.9 
16.6 
16.6 
16.7 
16.6 
16,5 

o p e r a t i o n 
with core PSH-1, the in-vessel instrumentation performed satisfactorily. 
All data taken to date are being analyzed. 

Thermocouples throughout the vessel and core continued to 
give useful information, and those in the superheater proved to have better 
life than originally anticipated. After 186 MWd of core burnup, 14 of the 
40 superheater fuel thermocouples and one of the eight steam thermocou­
ples in the two instrumented superheater fuel assemblies showed failures 
at room temperature due to open-circuiting. Of these failures, ten fuel 
thermocouples "were in the second-pass superheater fuel assembly, half of 
these being located on the vertical center of the assembly. Failure is at­
tributed to the high thermal s t ress applied to these thermocouples and not 
to those in the f i r s t -pass fuel assembly. 

Only one of 12 W-W/26%Re thermocouples in boiling fuel rods 
has failed, 

d. Center Temperatures of Boiling Fuel Rods, Data on fuel tem­
perature as a function of reactor power and burnup have been obtained from 
11 instrumented boiling fuel rods throughout the core. Figure 1 shows data 
from the W-w/26% Re thermocouple in fuel rod 49 (core position 56) at an 
elevation 8 in, above the fuel bottom. The increase of fuel temperatures 
with increasing burnup was typical for all 11 thermocouples, with this 
thermocouple indicating the highest temperatures . The data are accurate 
to about +2% of reported values based on accuracies of the system. I r rad i ­
ation damage to the thermocouple is believed negligible, and any thermal 
"aging" effects, if present , would presumably cause the indicated tempera­
tures to be slightly lower than true value (see P rogress Report for 



November 1963, ANL-6808 , p . 2,for t e s t r e s u l t s ind ica t ing th i s t r e n d a t 
h ighe r t e m p e r a t u r e s . ) F u r t h e r a n a l y s i s of the fuel r od t e m p e r a t u r e da t a 
is in p r o g r e s s . 

2800 

2600 

21100 

l8oo 

i6oo 

800 

600 

Cumulative Reactor Energy 
Indicated for Each Curve 

74o Mwh 

4471* Mwh 

I57S Mwh 

000000® 
ooooooo 
0000000 
0000000 
0000000 
0000000 
®ooooo@ 

@oooo®® 
0000000 
O C ^ o n o o 
0 0 I - I 0 0 
OOuuuOO 
0 0 0 0 0 0 0 
"OOOOO® 

Core Position 56 
Fuel Rod 49 

In. up from Fuel 
Bottom 

12 16 
Reactor Thermal Power, 

Figure 1. Boiling Fuel Rod Central Temperature vs. Reactor 
Thermal Power and Burnup, Core PSH-1 of BORAX-V 



e. Conductance of Boiling Fuel Rods. Values of the thermal con­
ductance for the boiling fuel rods have been calculated from fuel rod ther­
mocouple readings and power distribution measurements . The overall 
fuel rod conductance decreased with increased burnup and with decreased 
power, as shown in Table VIII. 

Table VIII, Overall Boiling Fuel Rod Thermal 

(MWt) 

20 
15 
10 

5 

101 

2 .20 
1.87 
1.59 
1.38 

C. 

740 

1.92 
1.60 
1.24 
0.86 

o n d u c t a n c e ( B t u / h r 

I n t e g r a t e d R e a c t o r 

1578 

1.78 
1.49 
1.17 
0.86 

- f t - T ) 

P o w e r 

2702 

1.50 
1.23 
0.97 

-

(MWh) 

3498 

_ 
1.11 
0.85 
0.58 

4 4 7 4 

1.30 
1.02 
0.76 
0.47 

The values of the boiling fuel rod conductance were obtained 
for the UO2 plus helium and fission gases within the fuel rod jacket by con­
sidering the volumetric heat generation within the fuel at the point where 
the thermocouple was located and the temperature drop between the ther­
mocouple in the center of the fuel and the calculated temperature at the 
inside of the stainless steel cladding. The thermocouple temperatures 
used in calculating the conductances were taken from the curves shown 
in Figure 1 rather than from specific thermocouple readings. The de­
creased conductance with increased burnup may be due to cracking or 
disintegration of the fuel, whereas the increase of conductance with in­
creasing power may be due to elimination of the clearance gap between 
fuel pellets and the cladding tube. 

f. Neutron Flux Distributions. Analysis of previously obtained 
flux wire data revealed that radioactive contamination of the flux wires 
had resulted in large e r r o r s of measurement . This contamination was 
picked up in the p ressure thimbles; even though the wires were wiped with 
a clean, dry cloth, a great deal of the contamination was not removed. 
Therefore, irradiations were repeated at power levels of 5, 10, 15, and 
20 MWt. Great care was exercised to remove all surface contamination by 
washing the i rradiated wires in acetone before counting. Analysis of the 
data is in p rogress . 

Neutron flux measurements were also made with a dual minia­
ture fission chamber assembly at powers of 4.8, 10, and 18.4 MWt. The 
assembly consisted of two ionization chambers, 0.421 in. long and 0.090 in. 
in diameter; one chamber was bare and the other cadmium-covered. Axial 
flux distributions were obtained by completely inserting the chambers in 
p ressu re thimbles at various core locations and reading the current output 
as the chambers were withdrawn in 2-in, increments. 
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Figure 2 shows a comparison of data obtained from the bare 
ion chamber at 4,8 MWt with data obtained from a flux wire irradiation at 
5 MWt, The two sets of data were normalized at a point 10 in, above the 
bottom of the fuel on flux wire W-5, The values of B were obtained from 
a least-squares cosine curve fit of the data from 5 in, through 13 in. above 
the bottom of the core. 

15 18 2\ 

Distance from Bottom of Fuel, In. 

Figure 2. Axial Neutron Flux Distributions, Core PSH-1 of BORAX-V 

Figure 3 shows cadmium ratios (ratio of bare to epicadmium 
activation) from the ion chambers and flux wire activation. The magnitude 
of the cadmium ratio, through an axial t raverse of the core, remains about 
constan for 4.8-MWt. It had been predicted that the cadmium ratio would 
be smaller in the upper portion of the core than in the lower portion, be­
cause of voids. However, such a trend has not been observed in the data 
analyzed to date. 



10 11 12 13 lA 16 18 

Distance from Bottom of Fuel, In. 

Figure 3. Cadmium Ratio Distributions, Core PSH-1 of BORAX-V 
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3. Wate r C h e m i s t r y 

The pH, r e s i s t i v i t y , and c h l o r i d e va lue s o b s e r v e d for th i s p e r i o d 
dur ing n o r m a l ope ra t ion r e m a i n e d e s s e n t i a l l y unchanged f r o m v a l u e s o b ­
s e r v e d dur ing p r e v i o u s opera t ion . 

Suspended sol ids c o n c e n t r a t i o n s a r e g iven in T a b l e IX. The v a l u e s 
d e m o n s t r a t e the good p e r f o r m a n c e of the r e a c t o r w a t e r d e m i n e r a l i z e r , 
D M - 1 , and f i l t e r s , and p a r t i c u l a r l y show the r e s u l t s of l eav ing the d e m i n ­
e r a l i z e r s y s t e m off while adding i m p u r i t i e s . 

Table IX, Suspended Sol ids C o n c e n t r a t i o n in R e a c t o r W a t e r 

A v e r a g e 
Suspended So l ids 

Sample P e r i o d Concen t r a t i on (ppm) R e m a r k s 

6/22 (1000) to 6/23 (0830) 0,09 Running wi th DM-1 off, 
6/23 (0850) to 6/23 (1303) 0,03 A l u m i n u m n i t r a t e 

in jec ted a t 1410. 
6/23 (1355) to 6 /23 (1500) 
6 /23 (1510) to 6 /23 (1840) 
6/24 (0850) to 6/24 (1500) 0.009 DM-1 r a n p r e v i o u s 16 h r . 
6/24 (1509) to 6/24 (1100) 
6/26 (1115) to 6 /26 (1600) 
7/6 (1600) to 7 /10 (0930) 
7/10 (1020) to 7 /10 (1240) 
7/10 (1245) to 7 /10 (1545) 
7/13 (1400) to 7 /15 (0900) 
7/15 (0900) to 7/16 (0900) 

As noted in the tab le , a l u m i n u m n i t r a t e so lu t ion [350 g A1(N03) ' 
9 H2O in 500 m l HjO] w a s in jec ted into the r e a c t o r to s tudy the bui ldup of 
Na^^ f rom the Al (n ,a ) r e a c t i o n . Table II shows the effect on spec i f ic 
g a m m a act ivi ty of the addi t ion of the a l u m i n u m n i t r a t e to the r e a c t o r w a t e r . 

4. Maintenance and Modif ica t ion 

During r e a c t o r shutdowns for changing defec t ive fuel , the following 
main tenance and modi f ica t ion w o r k w a s done : the s u p e r h e a t e r l e ak r a t e was 
1.1 g a l / h r when r e t e s t e d a t r o o m t e m p e r a t u r e ; l e a k s in a s t a i n l e s s s t e e l 
s t e a m - l i n e expans ion jo in t a t the t u r b i n e we^e r e p a i r e d by we ld ing ; the feed-
wa te r supply valve for the d e s u p e r h e a t e r w a s modi f ied to change the p o r t 
and the reby obtain the d e s i r e d flow c h a r a c t e r i s t i c s ; s e v e r a l r e a c t o r w a t e r -
level gauge g l a s s s ec t i ons have been r e p l a c e d ; and s e v e r a l v a l v e s and o t h e r 
packing glands have r e q u i r e d add i t i ona l pack ing . 

0 
0 

0 
2, 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 

.09 

.03 

.83 
,5 
,009 
008 
002 
006 
001 
001 
08 
003 
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Seventeen superheater fuel- temperature measuring points have 
been bypassed due to thermocouple failure. Stepping switches on the super­
heater fuel- temperature scanning system have required considerable ad­
justment. The steam probe drive failed due to stripping of the teeth of a 
small gear operating in steam atmosphere; this has been repaired. 

The alignment of a control rod latch was adjusted to eliminate 
intermittent maloperation on relatching. No difficulty has been experienced 
in releasing. A range res is tor was replaced on the linear flux instrument 
to improve calibration charac te r i s t ics . One area radiation-monitor channel 
was repaired. A coil had been overheated in the check source circuit . 

The fueled rotating oscillator which had failed was removed from 
the reactor and examined. The oscillator housing was disassembled under 
water, revealing that the drive shaft- to-rotor connection was broken. The 
17-4 PH stainless steel —-in. male thread of the screwed connection was 
broken ac ross the weakest section at a locking roll pin, apparently due to 
a britt le f racture . Because of the high radioactivity of the rotor (~400 R/hr) , 
no repair is planned. 

5. Training 

A ref resher training session was conducted for all operating person­
nel in emergency procedures . 
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II, LIQUID-METAL-COOLED REACTORS 

A, General Fas t Reactor Physics 

1. ZPR-III 

Assembly 45 (see Progress Report for June 1964, ANL-6912, p. 16), 
a multi-zoned reactor in which the composition of the central zone simulates 
a plutonium carbide-fueled fast power breeder reactor , is pr imar i ly in­
tended to investigate Doppler effects in proposed power reac to r s . The 
composition of the central zone simulates a carbon-r ich PuC-UC-fueled 
reactor with reduced sodium content, so that the neutron flux is in an 
energy range of importance in Doppler effects. The compositions of the 
various zones are listed in Table X. A cross section of the assembly is 
shown in Figure 4, along with the locations in which the Doppler elennents 
will be placed for the measurements. 

Table X, Zone Compositions of Assembly 45 (Atoms/cm^ x 10"^*) 

Isotope 

P u " ' 
Pu^" 
P u " ' 
U " 5 

U " " 

U " ' 

u"» 
Na 
C 
Ni 
SS (304) 

Central 
Zone 

0.001065 
0.000051 
0,000005 
0,000015 

_ 
-

0.00723 
0,00635 
0.0250 

-
0.0130 

Low-density 
Axial Blanket 

-
-

0.000020 
_ 
-

0.00968 
0.00643 
0.0250 

_ 
0.0117 

Radial 
Reflector Blanket 

-
-
-
-

0.00422 
0.0166 
0.0372 
0.01041 

0.00448 
0.000046 
0.000019 
0.000256 

-
0.0416 
0.0186 
0.00775 

-
-
-
-

0.00211 
0.0382 
0.0186 
0.00908 

0.00009 

_ 
-

0.03998 

_ 
_ 

0 
0.00624 

It 

::57' Figure 4 

Cross Section of Assembly 45 
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Assembly 45 went cr i t ical with 56.18 kg of plutonium and 0.7 5 kg of 
U^'^ in the central zone and with 245 kg U^̂ ^ in the driver . Pre l iminary 
measurements of power level versus the degree subcrit ical indicate that 
the assennbly is approximately 0.5 Ih subcrit ical at a power level of 40 W 
due to the spontaneous fission of the Pu^^° in the central zone. The control 
rods have been calibrated for shape but not for absolute worth in reactivity. 
This will be done as soon as a computer code is completed which will ca l ­
culate the reactivity from a reactor period with a source present . 

Three experiments pertaining to the neutron spectrum were p e r ­
formed. Data were obtained by use of a solid-state spectrometer based on 
the Li^(n,a) reaction; a combined BF3/U^'^ counter to measure the rat io of 
their respective reaction ra tes ; and a combined U^̂ * foil/U^'* fission counter 
to measure the U^'* (n, 7) to U^̂ ^ fission ratio. The data a re being analyzed. 

A fine control rod has been loaded and calibrated (again in shape only) 
for the Doppler measurements . Initial plans a re to limit to two the number 
of Doppler elements containing only depleted uranium oxide to reduce inter­
actions between the elements . Two elements have been assembled, and all 
e lect r ical connections a re completed. Pre l iminary interchange of the cold 
and dummy Doppler elements indicate that the reactivity variation as the 
Doppler rod is driven into the core can be maintained within satisfactory 
l imits . 

The principal remaining work on the Doppler elements is in sealing 
the system to obtain a vacuum of about 10"^ mm Hg. 

2. ZPR-VI 

Assembly No. 3, a large (~950-£), flat-pancake-type ( L / D -1 :3 ) 
uranium carbide-fueled core, is being loaded. A number of mechanical 
and e lect r ical modifications were made and the system w âs checked. 

3. ZPR-IX 

The ZPR-IX Assembly No. 4 is a tungsten-diluted core in which 
each fuel dra^wer in the assembly contains six -jj--in -thick columns of 
enriched Û '̂ ^ and thir teen uniformly distributed Y-in.-thick columns of 
tungsten. Aluminum is used for the reflector. 

The cr i t ical mater ia l and physical pa ramete r s a re shown in Table XI. 

Central worth coefficients have been determined for a variety of 
mater ia l s and are presented in Table XII. 

The central worths of samples of separated isotopes of tungsten 
were previously determined in Assembly No. 1, the reference core. 
Measurenaents have been repeated for the samples in Assembly No. 4. 

— ital values a re reported for both assembl ies in Table XIII. 
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of Z P R - I X A s s e m b l y No. 4 

C o r e M a t e r i a l 

u"= 
w 
Al 

F e 

C r i t i c a l Mass (u"*) 
Core Length 
C r i t i c a l Radius 
Cr i t i c a l Volume 
C e n t r a l F u e l Worths-
Edge Worth (Fuel Conf igura t ion) 
L / D Rat io 

A t o m i c D e n s i t i e s 
(x 1 0 - " ) 

0 .006723 
0.03422 
0.00687 
0.000486 
0.00052 

285.2 kg 
56.2 c m 
24.89 c m 
109.4 I 
120.2 I h / k g of U " ' 
+31.9 I h / k g of U ^ " 
1.13 

^Fue l Worth when d i lu ted with t u n g s t e n in the d r a w e r . 

Table XII. C e n t r a l Wor th Coef f ic ien t s 

No, 
No. 
No. 
No. 
No. 
No. 
No, 
No. 

0, 
1, 
2, 
3, 
4, 
5, 
6, 
7, 

M a t e r i a l 

Al 
AI2O3 
glO 

B4C 
C 
Re 
W 
WO3 
U"5 

u"» 

Table 

Sample 

N o r m a l WO3 
W Metal 
W Metal 
W Meta l 
W Metal 
N o r m a l Meta l 
W'*' Metal 
W'«^ O3 

XIII. 

Sample Weight, 

g 

166.9 
237.9 

29.2 
59.62 

103 
1266.9 
1052.0 

78.37 
67.94 

226.8 

C e n t r a l Reac t iv i ty Wor ths of £ 
Tungs ten Iso tope S a m p l e s 

% w"^ % w ' " % w'»* % w ' " 

26.4 
36.9 
24.1 
12.5 

5,8 
26.4 

1.6 
1.91 

14.4 30.6 28.4 
17.7 31.5 13.9 
14,7 34,2 26,9 
9,8 30,8 46,8 
5.7 23,3 65.1 

14,4 30.6 28.4 
2.1 11.6 84.7 
1,87 94,3 1.91 

Wor th , I h / k g 
of U"= 

-6 ,6 
- 5 , 3 

-3660 
-399 

-22 ,0 
-71 ,7 
-19 .6 
- 1 2 . 6 

+270 
- 5 . 5 

i epa ra ted 

Wor th , 

Wt, g A s s y 1 

177.08 -24 .3 
257.85 -27 .1 
173.74 -21.9 
237.14 -24 .2 
211.44 -22 .0 
224.47 -24,7 
209.37 -21 ,0 
163,58 -23 ,2 

Ih /kg 

Assy 4 

-13,7 
-20,2 
-18,7 
-17,0 
-14,7 
-19 ,3 
-13 ,1 
-14 ,6 



The l o w e r v a l u e s of the w o r t h s m e a s u r e d in A s s e m b l y No, 4 r e l a ­
t ive to t h o s e m e a s u r e d in A s s e m b l y No, 1 a r e a r e f l ec t i on of the h a r d e r 
s p e c t r u m in an a l l - t u n g s t e n - d i l u t e d s y s t e m r e l a t i v e to the U^-'^-diluted 
A s s e m b l y No, 1, C e n t r a l r e a c t i v i t y w o r t h s of U^^* c o n f i r m th i s v iewpoin t , 

A d e p a r t u r e f r o m the p r a c t i c e of u s ing only fueled c o n t r o l r o d s h a s 
b e e n m a d e , A c o n t r o l r o d l o a d e d wi th a l u m i n u m oxide , l o c a t e d in the r e ­
f l e c t o r a t the p e r i p h e r y of the c o r e , was found to have a to ta l i n t e g r a l 
w o r t h of 35 Ih. The r o d i s v e r y usefu l for mak ing a c c u r a t e m e a s u r e m e n t s 
of s m a l l c h a n g e s in r e a c t i v i t y . 

M e a s u r e m e n t s of s p a t i a l l y dependen t r e a c t i v i t y w o r t h s a r e being 
m a d e for s e v e r a l m a t e r i a l s in the r e f l e c t o r r eg ion . M e a s u r e m e n t s have 
b e e n c o m p l e t e d for a l u m i n u m and for c a r b o n (g raph i t e ) r e l a t i v e to a void, 
as a funct ion of r a d i a l l oca t i on . R e s u l t s a r e p r e s e n t e d in Tab le XIV. 

Table XIV. Material Reactivity Worths Compared to a Void as 
a Function of Distance from Reactor Centerline 

Distance 

Centerline, 
c m 

26.71 
29.46 
33.58 
39.58 
45.69 

Aluminum 

Sample 
Weight, kg 

6.26 
6.26 

22.77 
20.87 
29.22 

Worth, 
Ih/kg 

+ 9.85 
+ 6.40 
+ 4.12 
+ 1.73 
+ 0.87 

Sample 
Weight, 1 

7.19 
7.19 

14.38 
23.96 
33.54 

Carbon 

^S 

Worth, 
Ih/kg 

+ 15.85 
+ 11.40 

+ 8.52 
+ 5.49 
+ 3.83 

E x t e n s i v e s t u d i e s wi th a p r e v i o u s Z P R - I X a s s e m b l y and s i m i l a r 
s t u d i e s wi th a b e r y l l i u m - r e f l e c t e d Z P R - I I I a s s e m b l y ind ica te that the con ­
v e n t i o n a l R o s s i - a l p h a (a = fi/i) i s the s u m of two c o m p o n e n t s ; a j , having 
i t s o r i g i n in the long n e u t r o n l i f e t ime c h a r a c t e r i s t i c of l ight m e t a l r e ­
f l e c t o r s , and ttj, a s s o c i a t e d wi th the r e l a t i v e l y s h o r t c o r e l i f e t i m e . I t h a s 
b e e n the p r a c t i c e in th i s p r o g r a m to define the " a v e r a g e p r o m p t n e u t r o n 
l i f e t i m e " a s the r a t i o of the c a l c u l a t e d /3eff to the m e a s u r e d a^ c o m p o n e n t . 
Tab le XV s u m m a r i z e s the k ine t i c p a r a m e t e r s of Z P R - I X A s s e m b l y No. 4 . 

Table XV. Kinetic Paramete rs of 

Calculated 

Jl (measured) 
i (calculated) 

ZPR-IX Assembly No. 4 

0.00664 
(1.25 ± 0.24) X 10' 
(5.19 ± 0.28) X 10* 
128 nsec 
95 nsec 
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4. AFSR 

F i r s t tests of a possible automatic power-level control rod were 
made, and indications are that it would do an excellent job of maintaining 
constant reactor power. The rod would be servo-actuated and obtain its 
control information from the reactor l inear operating instrument. The 
total worth of the rod is 15 Ih, and it would provide reactivity insert ion 
and withdrawal rates of 0.16 Ih / sec" ' . 

Measurements of the neutron spectrum in AFSR made with the ex­
perimental fast neutron spectrometer show agreement with the general 
features of the calculated spectrum for energies between 40 keV and 
about 1.5 MeV. 

B. General Fas t Reactor Fuel Development 

1. Metallic Fuels 

Uranium-plutonium-base alloys are being investigated for use as 
fertile-fissile fuel mater ia ls in fast breeder reac tors because many com­
binations of the base elements, which are readily available, have good 
neutron yield and breeding rat ios . Alloying additions appear necessary , 
however, to improve the stability of the uranium-plutonium base in a 
fast-reactor environment and the compatibility of the fer t i le-f iss i le alloy 
with jacketing mater ia ls . Fizzium (Fz), which is a relatively high-
zirconium combination of desirable fission-product metals retained in 
the fuel on reprocessing, has good alloying possibi l i t ies . The proper t ies 
and behavior of uranium-plutonium-fizzium (U-Pu-Fz) alloys, as •well as 
various combinations of the constituent elements , a re therefore being 
investigated. 

a- Uranium-Plutonium-Fizzium Alloys. 

(i) Creep of U-15 w/o Pu-10 w/o Fz Alloy. The fizzium 
alloys have been shown to be weak at reactor operating tempera tures .^ 
Therefore the creep strength of these alloys is being determined. Since 
in a reactor it may be desirable to load a blanket rod on top of a fuel 
pin, a load of 11.5 (10"^) kg/mm^, which is the load exerted by twice the 
weight of the fuel pin, was used. At about the reac tor operating tempera­
ture of 640°C, the first stage of creep (decreasing strain rate) of an a s -
cast U-15 w/o Pu-10 w/o Fz specimen, 0.366 cm in diameter (EBR-II size) 
and 5 cm long, lasted about 70 hr with a total s t ra in of 0.0005. During 
120 hr of the second stage of creep, a constant s t rain rate of 5( l0-^) /hr 
(5% in 10^ hr) was obtained, so that in 1500 hr at this rate the rod is 
presumed to decrease 0.0075 c m / c m of length. If we assume p e s s i m i s ­
tically that a 38.1-cm length creeps at this ra te , the total decrease in 

See Annual Report, Metallurgy Division, 1963, ANL-6868, p. 17. 
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length will be 0.285 cm. After 1500 hr and 0.5% burnup, res t ra in t by the 
cladding should prevent further decreases in rod length. At 190 hr the 
test was terminated. 

(ii) Thermal-cycling Behavior of U-10 w/o Pu-10 w/o Fz , 
U-10 w/o Pu, and U Pins . Thermal cycling tes ts were made with four 
pins, one injection-cast uranium pin and three pins cast by tilt pouring 
into a copper mold, f irst homogenized for 23 hr at 850°C. The t i l t-poured 
castings consisted of U-10 w/o Pu-10 w/o Fz , U-10 w/o Pu, and uranium, 
respectively. All four pins were given 100 thermal cycles between 700 
and 475°C. In each cycle the specimens were held at 700°C for one hour' 
and at 475°C for 4 hr . The t imes for heating and cooling each took about 
2 hr . 

The U-10 w/o Pu-10 w/o Fz alloy suffered no appreciable 
changes. The t i l t -poured uranium pin casting contracted 10%, bowed 
slightly, and developed an elliptical c ross section with a 6% difference in 
the major and minor axes. The injection-cast uranium pin broke at one 
end (probably through a blow hole), exhibited 5% growth, and developed 
a slight elliptical c ross section. The U-10 w/o Pu pin increased 20% in 
length, which is in between the ear l ie r resul ts of 10% and 30%.2 Apparently 
there is no simple correlat ion bet'ween growth of this alloy and type of 
casting or length of t ransfer t ime. The chi l l -cast specimens, which are 
finer grained, seem to grow less than the injection-cast mater ia l . 

(iii) Thermal Conductivity of a U-10 w/o Pu Alloy. The 
thermal conductivity of the U-10 w/o Pu alloy was measured comparatively 
against an Armco standard, with resul ts as listed in Table XVI. The 
values, though close to those of uranium, are about 25% lower at 100°C 
and 10% lower at 700°C. 

Table XVI. Thermal Conductivity 
of U-10 w/o Pu Alloy~ 

Temp 
(°c) 

100 
200 
300 
400 
500 
600 
700 
800 

k, ca l s e c " ' c m " ' " C " ' 

0 . 0 5 1 * 
0.056 
0.063 
0.070 
0 .078 
0.086 
0.094 
0.100 

^ e x t r a p o l a t e d 

'•Rcf. 1, pp . 15-17 
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(iv) Compat ib i l i ty of U - P u - F z Al loys wi th P o t e n t i a l C ladd ing 
M a t e r i a l s . In F i g u r e 5 i s p lo t ted the log of the p e n e t r a t i o n in to V-20 w / o Ti 
cladding by U-10 w / o P u - 1 0 w / o F z v e r s u s log of the diffusion t i m e for 
550, 600, 650, and 700°C. This g ives s t r a i g h t l i ne s wi th a s lope of 2. The 
a v e r a g e or m o s t p robab le va lues of the p e n e t r a t i o n a r e p l o t t e d a s c i r c l e s ; 
the v a r i a t i o n in p e n e t r a t i o n for a given band on one g iven m i c r o g r a p h is 
shown a s v e r t i c a l b a r s . The p e n e t r a t i o n coef f ic ien ts m a y be c a l c u l a t e d 
by use of the s t anda rd diffusion e x p r e s s i o n 

X^ = Kt, 

w h e r e X is the pene t r a t i on into the c ladding in c e n t i m e t e r s , t the t i m e in 
seconds and K the p e n e t r a t i o n coeff ic ient in c m ^ / s e c . 

Figure 5 

Penetration of V-20 w/o Ti by 
U-10 w/o Pu-10 w/o Fz at 
Various Times and Temperatures 

of th. t . ^^S^^<^ 6 shows the v a r i a t i o n of log K v e r s u s the r e c i p r o c a l 
of the t e m p e r a t u r e . The following equa t ion , d e s c r i b m g the v a r i a t i o n o ^ K 
with t e m p e r a t u r e , was obta ined f rom F i g u r e 5: 

K 0.21 exp(-52,800/RT) cm^/ 

10 w/„ TT • ^- ^"'''""^ ' ' ^ ' ' ' ^ ' ' *^^^ ^-20 w/o Ti versus U-15 w/o Pu-

heYurve: TorZlVT^^''''r^^''^' ^° " " ^ ^ - / ° ^ - ^ ° - / ° ^^ H°wever, 

parently V-20 w/o ^ i wiU bl ' V'"' " ' ^ ^ ' " ^ ' ^ ^ ^ ^ ' " ^ " P " ^ ^ ^ ' ^ P " 
10 w/o Fz. """ adequate cladding material for U-15 w/o Pu-
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,-12 700°C 650'C 600"C 550°C 
I 1 1 1 

K-0.21 EXP(-62,800/RT)ecn2/s,c 

Figure 6 

Relationship between the Penetration 
Coefficient for V-20 w/o Ti by 
U-10 w/o Pu-10 w/o ?z and the 
Temperature 

1.10 1.15 
l/T X lo ' , °K- ' 

F i g u r e s 7 and 8 p r e s e n t da ta for V-10 w / o Ti v e r s u s 
U-10 w / o P u - 1 0 w / o F z r e p l o t t e d in the s a m e m a n n e r a s for V-20 w / o Ti . 
Aga in a s lope of 2 on the log X v e r s u s log t plot a d e q u a t e l y d e s c r i b e s the 
data and g i ve s the equa t ion 

X^ = Kt. 

F i g u r e 8, showing the v a r i a t i o n of K wi th t e m p e r a t u r e , can be d e s c r i b e d 
by 

K 0.017 e x p ( - 4 7 , 3 0 0 / R T ) c m Y s e c . 
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I I I null L L Mill 

Figure 7. Penetration of V-10 w/o Ti by 
U-10 w/o Pu-10 w/o Fz at Various 
Times and Temperatures 

Figure 8. Relation between the Penetration 
Coefficient for V-10 w/o Ti by 
U-10 w/o Pu-10 w/o Fz and the 
Temperature 

2. Development of J a c k e t M a t e r i a l s 

a. Vanadium Al loys . 

(i) C r e e p of V-20 w / o Ti . R e s u l t s of c r e e p t e s t i n g of 
V-20 w / o Ti shee t at 650°C a r e shown in F i g u r e 9 as log m i n i m u m s t r a i n 
ra te plot ted aga ins t s t r e s s . M i n i m u m c r e e p r a t e s w e r e d e t e r m i n e d f rom 
t e s t s conducted under cons tan t load and t e s t s in which the load w a s v a r i e d , 
in a vacuum of 2 x 10"^ m m Hg. 

M a t e r i a l f rom two e x t r u s i o n s w a s u s e d . E x t r u s i o n 264 had 
been solution hea t t r e a t e d a t 1300°C for 15 m i n be fo re a 65% cold r e d u c t i o n 
in a r e a . E x t r u s i o n 281 was not so lu t ion h e a t t r e a t e d . S p e c i m e n s f r o m 
each ex t ru s ion w e r e t e s t e d in both the s t r e s s - r e l i e v e d and the r e c r y s t a l l i z e d 
condi t ions . 
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T—r 1—]—I—r 

-SOLUTION HEAT TREATED, 
RECRYSTALLIZED 

-RECRYSTALLIZED 

STRESS RELIEVED 
RECRYSTALLIZED 
RECRYSTALLIZED 

_J I I L 

As seen in Figure 9 there 
appears to be no significant differ­
ence between the creep rates of 
specimens that had been solution 
annealed and those that had been 
solution annealed pr ior to the final 
cold-working operation. There does, 
however, appear to be an appreciable 
difference between creep rates of 
s t ress - re l ieved and recrystal l ized 
specimens. The s t ress - re l ieved 
mater ia l has a higher creep rate for 
the same s t ress level in the s t ress 
range investigated. 

STRESS, kg n 

The creep results a re p r e ­
sented in greater detail in Table XVII. 
Two of the tests were conducted at 
a constant load to permit determina­
tion of the rupture time. At s t r esses 
around 38 kg mm"^ the s t r e s s -
relieved specimen fractured in 7 hr, 

whereas the recrystal l ized specimen fractured in 11 hr. Data by Armour 
Research Foundation^ has shown the rupture life of V-20 w/o Ti to be 
about 50 hr at this s t r e s s level. 

Figure 9. Creep of V-20 w/o Ti at 650°C 

Table XVII, Creep Results for V-20 w/o Ti Tested at 650°C in Vacuum 

Specimen 
Number 

TV-20-1S 

TV-20-2S 

TV-20-3S 

TV-20-4S 

TV-20-6S 

TV-20-7S 

•Load c 

-•-•L,-2velop 

Stres s 
(kg mm"^) 

Extrusion 264 

37,8 

19,3 

25,3 
37,7 
25,3 

38,5 

38,9 

42,3 
31,6 

29,3 

20,0 

langed during t 

M i n i m u m S t r a i n 
R a t e ( m i n " ' 

- So lu t ion H e a t 

4.2 

1.6 

7.2 
1.05 
8,8 

1.6 

1.2 

3,2 

1,9 

9.0 

2.9 

e s t . 

ment of Vanadium 

X 10-* 

X 1 0 " ' 

X 1 0 " ' 
X 10"* 
X 1 0 " ' 

T r 

e x t r u s i o n 

X 10"* 

X 10-* 

X 10"* 
X 10"^ 

X 10-'^ 

X 10"* 

-base 

Rupture Time 

eated 

281 

Alloys 

(hr) 

at 1300''C 

7 

* 

11 

* 

68 

* 

, ARF-

for 1 

2094 

Condition 

5 min 

Stress relieved, 
700°C, 1 hr 
Recrystallized, 
900°C, 1 hr 

Recrystallized, 
900°C, 1 hr 
Recrystallized, 
900°C, 1 hr 

Recrystallized, 
900°C, 1 hr 
Stress relieved, 
700°C, 1 hr 

-1 (Feb 19, 1958). 
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(ii) Corrosion of V-20 w/o Ti in Sodium. The first of a 
planned series of experiments on the behavior of V-20 w/o Ti in sodium 
containing various concentrations of oxygen has been completed. The 
samples were exposed to sodium at 650°C for various times with the oxy­
gen concentration in the sodium controlled by maintaining a cold leg tem­
perature at 132''C. The equilibrium solubility of oxygen in sodium at this 
temperature is 6 ppm. Weight-gain data a re shown in Figure 10. 

175 200 225 250 275 .300 325 350 375 400 425 450 475 500 525 550 

TIME.hr 

Figure 10. Corrosion of V-20 w/o Ti in Sodium 

The depths of oxygen c o n t a m i n a t i o n into the u n d e r l y i n g 
meta l for two different e x p o s u r e t i m e s a r e shown in F i g u r e 11, a s d e ­
tec ted by Knoop H a r d n e s s N u m b e r (KHN) m e a s u r e m e n t s . 

ieoo[— 

I40C 

I20C 

lODO 

800 

soo 

400 

0 

•t t -

u\ 

oo 

0 EXPOSURE TIME 191 HOURS 
i EXPOSURE TIME 367 HOURS 

1 1 1 1 

o 

) 

Figure 11 

Behavior of V-20 w/o Ti Samples Exposed t 
650°C Sodium Containing ~6 ppm Oxygen 

http://TIME.hr
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After termination of the above test , an excess of Na^Oz 
needed to bring system up to 50 ppm oxygen was added and the cold-trap 
tempera ture ra ised to 232°C. Equilibrium solubility of oxygen in sodium 
at 232°C is 50 ppm. After the system was believed to be equilibrium 
(16 days), the second run was initiated. 

3. I rradiat ion of Fas t Reactor Fuels 

Post i r radia t ion examinations a re being made of six refractory-
alloy-clad fuel specimens from capsule CP-32 which was i r radiated in 
the CP-5 reactor (see P r o g r e s s Report for May 1964, ANL-6904, 
pp. 28-30). These specimens were fueled with U-20 w/o Pu-10 w/o Fz 
alloy, clad in Nb-1 w/o Zr tubing. The ID of the tubing was 3.96 mm, 
and the cladding thickness was either 0.38 or 0.64 mm. The specimens 
were i r radia ted at a maximum cladding temperature of 615°C. 

When the fuel had attained a calculated 3.3 a/o burnup, the capsule 
was neutron radiographed and all claddings were noted to be intact. The 
subsequent radiograph at 3.6 a/o burnup revealed a failure of a specimen 
clad in 0.38-mm-wall tubing. This tubing had been s t r e s s relieved. A 
companion specimen clad in annealed tubing was intact. 

When the capsule •was opened the failure was found to consist of 
three longitudinal splits in the cladding at the nnidsection of the fueled 
portion of the specimen. The splits did not exceed 1 cm in length, but 
bowed outward because of internal fuel p r e s su re , so as to produce a 
bulge at this section of the specimen. Diameter, length, and density 
measurements made on all intact specimens failed to denote any signifi­
cant change. Diameter measurements taken adjacent to the bulge on the 
failed specimen did not show diameter increases . Fuel elongation Avithin 
the claddings, as measured from the neutron radiographs, averaged 
7 percent . A metallographic examination is in p rogress on the nature of 
the cladding failure. The intact specimens •will be rese rved for post-
i r radiat ion annealing studies. 

Specimens from irradiat ion capsule CP-36 were also examined. 
These six specimens were fueled with U-15 w/o Pu-10 w/o Fz and clad 
in Hastelloy-X tubing lined with 0.05 mm of tungsten to prevent the for­
mation of a eutectic between the fuel and the cladding. The cladding ID 
was 3.86 mm and the total wall thickness was 0.28 mm. The specimens 
were i r rad ia ted for a calculated 1.2 a /o burnup at a cladding tempera ture 
of 550°C. Cladding failure occurred when the cladding tempera tures were 
elevated to about 650°C. Three specimens failed at the midsection of the 
fueled portion of the rod. Diameter , length, and density measurements 
on the intact specimens showed no significant change. Fuel elongation 
within the cladding averaged 10 percent , as determined from neutron 
radiographs . 
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Capsu le C P - 3 5 conta ins s p e c i m e n s fueled with U - 2 0 w / o P u - 1 0 w / o F s 
alloy. Two fuel p ins have a 3 . 3 3 - m m d i a m e t e r i n s t e a d of the s t a n d a r d 
3.66 m m . The o ther four s p e c i m e n s have the s t a n d a r d 3 . 6 6 - m m OD but 
have 1 . 4 - m m - d i a m e t e r axia l h o l e s . The c ladding m a t e r i a l i s N b - 1 w / o Z r 
al loy tubing with an ID of 3.96 m m and a wal l t h i c k n e s s of 0,23 m m . The 
s p e c i m e n s w e r e i r r a d i a t e d for a ca l cu la t ed 2,5 a / o bu rnup a t m a x i m u m 
cladding t e m p e r a t u r e s of 650°C. The c a p s u l e was r e m o v e d f r o m the r e ­
a c t o r when the t e m p e r a t u r e ind ica ted the p r o b a b i l i t y of a c ladding f a i l u r e . 
Neu t ron r ad iog raphy has conf i rmed this suppos i t ion . The c a p s u l e wil l be 
opened and the s p e c i m e n s examined . 

4. Development of F u e l s for Z e r o - p o w e r R e a c t o r s 

a. Deve lopment and F a b r i c a t i o n of Fue l E l e m e n t s . D e s i g n d r a w ­
ings , p roduc t spec i f i ca t ions , and a qua l i ty a s s u r a n c e p lan have been p r e ­
p a r e d and approved for S E F O R - Z P R - I I I c r i t i c a l fuel e l e m e n t s . A jo in t 
effort by G E - A P E D , * AEC-SAN,* ANL-Idaho , and A N L - M E T * r e s u l t e d in 
mutua l ly accep tab le r e q u i r e m e n t s defining the d e s i r e d fuel e l e m e n t s . 

Based on suppor t ing eng inee r ing d e v e l o p m e n t p e r f o r m e d by 
A N L - M E T , the S E F O R fuel wil l c o n s i s t of U-20 w / o P u - 2 . 5 w / o Mo p r e ­
c is ion c a s t co re p l a t e s j a cke t ed in Type 304L s t a i n l e s s s t e e l . J a c k e t s 
will be cold drawn in the shape of a h a l f - c a n f rom 0. 0 1 2 - i n . - t h i c k m a t e ­
r i a l . Two ha l f - can s ec t i ons wil l be a s s e m b l e d a r o u n d e a c h fuel c o r e p l a t e . 
Matching t u r n e d - o u t f langes on each h a l f - c a n wi l l be s e a l e d by a p e r i p h e r a l 
TIG weld. The two ends of each e l e m e n t wil l have w e l d - c a s t b e a r i n g shoes 
that will t r a n s m i t t h e r m a l expans ion of the c o r e p l a t e to ad j acen t fuel 
e l e m e n t s . 

Two 5.1 X 7 .6 - cm nomina l s ize fuel e l e m e n t s conta in ing 
20 w / o P u - 2 . 5 w / o Mo-U co re p l a t e s have been f a b r i c a t e d . T h e s e e l e m e n t s 
c lose ly a p p r o x i m a t e the r e f e r e n c e S E F O R des ign , dev ia t ing only in m i n o r 
d imens ions . Inspec t ion of the f in ished e l e m e n t s r e v e a l e d the j a c k e t s to be 
leak tight (as o b s e r v e d in a h e l i u m m a s s s p e c t r o m e t e r ) and f r e e f r o m 
alpha contamina t ion . Addi t ional p l u t o n i u m - b e a r i n g e l e m e n t s wil l be f a b r i ­
cated to refine and study the manufac tu r ing p r o c e d u r e s . H o w e v e r , the 
feas ibi l i ty of p roduc ing a c c e p t a b l e e l e m e n t s to the S E F O R - Z P R - I I I ref­
e r e n c e des ign has been d e m o n s t r a t e d . 

SEFOR - Southwest E x p e r i m e n t a l F a s t Oxide R e a c t o r ; G E - A P E D 
Genera l E l e c t r i c Atomic P o w e r E q u i p m e n t Div i s ion ; A E C - S A N = 
Atomic Ene rgy C o m m i s s i o n San F r a n c i s c o Office; A N L - M E T = 
Argonne National L a b o r a t o r y , M e t a l l u r g y Div i s ion . 
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b. P roper t i e s of Fuels for Zero-power Reactors . The U-20 w/o Pu-
2.5 w/o Mo alloy has been selected as the fuel for the SEFOR Crit ical Ex­
per iment in ZPR-III. Tentatively, a s imilar alloy containing 25 w/o Pu 
appears to satisfy ZPPR* requi rements . Titanium also appears to be a 
promising alloying addition for the ZPPR fuel. 

The metallographic s t ructure of a U-22 w/o Pu-2 w/o Mo alloy 
casting shows what appears to be a thin, continuous-grain-boundary net­
work. Yet this alloy has much better mechanical proper t ies than other 
alloys that have been studied. At high magnification, and especially in 
long-time 500°C annealed specimens, this grain-boundary mater ia l has been 
shown to consist of more than one phase. The cast s t ructure proved to be 
too fine to determine, by e lec t ron-beam microprobe analysis , the compo­
sition of the phases that make up this network. Its overall average com­
position is not appreciably different from the composition of the matr ix . 

The specific heat of a U-20 w/o Pu-2.5 w/o Mo alloy, as de­
termined by drop ca lor imetry , was found to be 0.37 cal g"' "C"' for the 
range from 25°C to 501°C and the range from 25°C to 435°C. The accuracy 
of the heat content data from which the specific heat was calculated was 
+3%. 

Air corrosion tes ts have been continued. The U-20 w/o Pu-
1.3 w/o Ti alloy specimen (see P r o g r e s s Report for June 1964, ANL-6912, 
pp. 28-9) is still sound after 60 days of exposure and has not gained any 
further weight, but the surface has begun to powder slightly. The 
U-20 w/o Pu-1 .3 •w/o V alloy specimen has gained 6.79% in •weight after 
60 days, and about 80% of it has disintegrated into a very fine powder. 

c. Fabr icat ion of Doppler Test Elements . The Reactor Physics 
Division requi res 32 test capsules for studying the relationship bet^veen 
the Doppler effect and plutonia concentration in ZPR-III. Half of the 32 
capsules a re to be loaded with PuOj pel lets . The remaining 16 are 
loaded •with pellets of UO2-I2.5 •w/o PUO2- T^welve cored pel lets , m e a s ­
uring 1.27 cm in OD by 1.27 cm long, with a 3.6-mm axial hole, a re 
assembled in each capsule over a thermocouple protective tube. The 
outside of the capsule is covered by a spirally wound brazed- in-place 
heating elenaent. After loading, the element is p ressur ized •with helium 
to about 1 kg/cm^ and sealed. Before acceptance, a helium mass spec­
t rometer is used to leak test each capsule at room tempera ture and at 
1000°C. 

Four ki lograms of UO2-I2.5 w/o PuO^ have been processed 
into granules . Two hundred pellets were p ressed , sintered, and loaded 
into capsules . 

*Zero Power Plutoniuna Reactor 
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Loading the Doppler capsules without contaminating the ex­
terior of the capsules presented difficulties. The oxide pellets tend to 
form dust and are highly contaminating. The exterior of the capsule is 
roughened by the spiral heater element and does not present a satisfactory 
surface for sealing or for decontaminating. Loading was successfully 
accomplished by attaching the capsule to a tube extending through the hood 
wall by means of a soft plastic fitting. The plastic was compressed into 
the heater helices to form a protective seal The pellets were loaded into 
the capsules through a 0.1-mm-thick loading funnel that was cemented at 
the upper edge to the fitting. In spite of these precautions, nearly all of 
the capsules loaded showed a surface a count of several thousand dpm, 
but they were cleaned to less than 200 dpm direct count and zero wipe 
count. 

The cap welds were produced by the tungsten-arc iner t -gas 
method. After welding the capsules were again surveyed and decontami­
nated as required. The final manufacturing operation consisted of 
evacuating the capsule and backfilling with helium gas. The fill tube 
was pinched closed and welded. After an additional alpha survey, further 
decontamination, and rough leak detection, the capsules a re heated to 
1000°C and leak detected at operating temperature . 

All 16 capsules containing UO2-I2.5 w/o PUO2, have been 
assembled, welded, and passed rough leak detection. Seven capsules 
have been leak detected at 1000°C. One was found to leak at operating 
temperature. 

The first batch of PUO2 for the production of pel le ts , has been 
weighed, pressed, and granulated. Approximately 800 g of the granules 
are ready for firing. Samples have been submitted for spectrochemical 
analysis and plutonium assay, 

5. Development of Carbide Fuels 

a. Plutonium and Plutonium-Uranium Carbides. For fast 
breeder reactors solid-solution uranium-plutonium monocarbide fuels 
are usable at higher temperatures than solid metallic fuels and have a 
thermal conductivity which is superior to that of oxide fuels. Methods 
are being developed for producing vibratory-compacted carbide radia­
tion specimens for EBR-II, Additional development is necessa ry on 
both the preparation of the solid-solution carbide fuels and the fabrica­
tion of uncontaminated specimens. 

The diffusion of plutonium carbide into uranium carbide is 
being investiaged. Previously reported work showed a large loss of 
plutonium when -80 mesh (U,S. Standard Sieve Series) powders were 
mixed and vacuum-fired in the range from 190000 to 2000°C. Analytical 
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r e s u l t s f r o m -325 m e s h m a t e r i a l v a c u u m - f i r e d in the r a n g e f r o m 1800°C 
to 1850°C for 30 m i n s h o w e d v e r y l i t t l e l o s s of p l u t o n i u m , but a dep l e t i on 
of t he c a r b o n f r o m 4.7 w / o in the s t a r t i n g m a t e r i a l to 3.9 w / o in the 
p r o d u c t . The oxygen con ten t of the p r o d u c t w a s 0.3 w / o . M e t a l l o g r a p h y 
s h o w e d a g r a i n - b o u n d a r y p h a s e , wh ich s u p p o r t s the h y p o s t o i c h i o m e t r i c 
a n a l y t i c a l r e s u l t s . S o m e r e a c t i o n o c c u r r e d a t the c a r b i d e - t a n t a l u m 
c r u c i b l e i n t e r f a c e . C a r b i d e a t the i n t e r f a c e c o n t a i n e d o v e r 5 w / o t a n t a l u m , 
but the l e v e l w a s l e s s than 100 p p m of the bulk of the m a t e r i a l . 

C o m b i n i n g a l l of the da ta , it a p p e a r s t h a t the b e s t r e s u l t s wi l l 
be o b t a i n e d by p r e s s i n g p e l l e t s f r o m - 3 2 5 m e s h p o w d e r s and s i n t e r i n g in 
the r a n g e f r o m 1700°C to 1800°C. An a t m o s p h e r e shou ld be u s e d to r e t a r d 
p l u t o n i u m v o l a t i l i t y , and e i t h e r m o l y b d e n u m or t u n g s t e n shou ld be u s e d 
a s the c r u c i b l e m a t e r i a l . 

b . V i b r a t o r y C o m p a c t i o n . The i r r a d i a t i o n s p e c i m e n s a r e to c o n ­
t a in a 3 6 - m m c o l u m n of fuel in a 6 1 - c m - l o n g by 6 . 5 3 - m m - I D ( 2 4 - i n . - l o n g 
by 0 . 2 5 7 - i n . - I D ) j a c k e t . Th i s m a t e r i a l i s be ing c o m p a c t e d by a S y n t r o n 
Mode l V-80 v i b r a t o r . 

Two m e t h o d s a r e be ing e v a l u a t e d to p r o d u c e u n c o n t a m i n a t e d 
s p e c i m e n s . The f i r s t u t i l i z e s a s e a l e d tube h o l d e r t h a t s c r e w s in to the 
p l a t e n of the v i b r a t o r . Load ing is a c c o m p l i s h e d t h r o u g h an O - r i n g - s e a l e d 
fill t u b e . The s e c o n d m e t h o d u t i l i z e s a m e t a l l i c c o m p r e s s i o n fi t t ing on 
the open end of the t u b e . The tube i s w r a p p e d wi th a l u m i n u m foil and i t s 
b a s e s c r e w s on to a s tud in the p la ten- A s b e f o r e , the O - r i n g s e a l e d fill 
tube i s u s e d . 

C. G e n e r a l F a s t R e a c t o r F u e l R e p r o c e s s i n g D e v e l o p m e n t 

A m e t h o d of s e p a r a t i n g p l u t o n i u m and r a r e e a r t h e l e m e n t s by e x ­
t r a c t i o n s b e t w e e n m o l t e n m e t a l and ha l ide s a l t p h a s e s i s be ing d e v e l o p e d 
for a d v a n c e d f a s t r e a c t o r fue ls con ta in ing p l u t o n i u m . The p r o c e d u r e 
would be a p p l i c a b l e to fue ls of e i t h e r the m e t a l l i c or c e r a m i c t y p e . 

1. M a t e r i a l s and E q u i p m e n t E v a l u a t i o n 

A c o r r o s i o n p r o g r a m is u n d e r w a y to e v a l u a t e the p e r f o r m a n c e of 
v a r i o u s s t e e l s in v a r i o u s p r o c e s s s y s t e m s and e n v i r o n m e n t s . C r o l o y 
2.i-, w h i c h h a s shown p r o m i s e a s a c o n s t r u c t i o n m a t e r i a l for the c o n t a i n ­
m e n t of C d - M g - Z n - U / h a l i d e f lux s y s t e m s ( s ee P r o g r e s s R e p o r t for 
J u n e 1964, A N L - 6 9 1 2 , p . 31) , h a s b e e n t e s t e d for ox ida t ion r e s i s t a n c e 
in a i r . E i g h t s a m p l e s w e r e e x p o s e d to a i r a t 600°C, the p r o b a b l e o p e r a t i n g 
t e m p e r a t u r e of the High T e m p e r a t u r e E x t r a c t i o n F a c i l i t y . * The s a m p l e s 
w e r e e x a m i n e d a f t e r 200 h r and a f t e r 400 h r . The r a t e of s c a l e f o r m a t i o n 

-•'The High Temperature Extraction Facility will be used to demonstrate the feasibility of separating 
uranium and plutonium from rare earths in fused salt-molten metal systems and will consist of 
packed extraction columns and auxiliary equipment. 
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decreased m the second 200-hr exposure to about 25% of the rate seen in 
the first 200 hr. Metallographic examination of the samples indicated a 
scale thickness of about ^ in, m 400 hr. Croloy 2 | - is still under con­
sideration for this application, but protection from atmospheric oxidation 
may be required, 

2, Advanced Processes 

a. Use of Cd-Zn-Mg Alloys, Use of cadmium-zinc-magnesium 
alloys instead of zinc-magnesium alloys as liquid metal solvents for the 
EBR-II Skull Reclamation Process might make it possible to utilize 
stainless steel instead of tungsten process vesse ls , thereby decreasing 
costs and increasing considerably the design flexibility. However, the 
uranium oxide-reduction step, for which a yield of 95 to 97% is required, 
might be affected significantly by the change in solvent (because of possible 
low reduction yields). The rate and extent of UjOg reduction by Cd-Mg-Zn 
solutions has been studied in two experiments. Charges of 14.15 g U3O8 
were mixed with 600 g 70 a/o Cd-15 a/o Mg-15 a/o Zn, 300 g 30 m/oNaCl -
20 m/o LiCl-50 m/o MgCl2, and 15 g MgFj at 600°C under argon for 4 hr. 
Yields of 87 and 90% were obtained within 30 min, and the extent of r e ­
duction remained constant at these levels during the remainder of the 
tests. These results are sufficiently encouraging to warrant further study 
of reductions in this solvent. 

b. Distribution of Plutonium between 30 m / o NaCl-20 m / o KCl-
50 m/o MgCl2 and Zinc-Magnesium Alloys. The distribution coefficient 
of plutonium between zmc-magnesium alloys of various compositions and 
30 m/o NaCl-20 m/o KCl-50 m/o MgClj over a tempera ture range from 
600 to 800°C is being studied to aid in the selection of optimum conditions 
for plutonium-rare earth fission product separations in p rocesses for 
fast breeder reactor fuels. The resul ts obtained thus far indicate an in­
creasing tendency for the plutonium to distribute to the salt with in­
creasing temperature and a larger temperature dependence at low 
magnesium concentrations (1-12 w/o) than at high magnesium concentrations 
(50-90 w/o). 

3- Head-end Treatments for Refractory Fuels 

a. Decladding Study of the removal of vanadium-20 w/o titanium 
(TV-20) cladding from metallic fuels by chlorination in a molten salt has 
continued. The objective of this study is to find a salt composition, ratio 
of salt to fuel, temperature, and amount of chlorine addition that will 
volatilize titanium and vanadium te t rachlor ides without significant loss of 
volatile uranium chlorides. The most promising salt system observed 
thus far IS 40 m/o NaCl-30 m/o KCl-30 m / o CaCl2. In an experiment 
this salt (containing TV-20 and uranium metal) was sparged at 600°C with 
chlorine at a ratio of 0.8 l i ter of chlorine per gram of uranium. More than 
99% of the uranium was retained in the salt, and only 0.2% of the vanadium 
and titanium was retained. 
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In studies directed at the selection of the appropriate fused 
salt for the decladding work, two immiscible liquid salt phases were ob­
served in UCl4-2KCl-BaCl2-CaCl2. The two phases were sampled at a 
composition in the CaClz-rich region of the system and were analyzed. 
The upper phase contained 6.1 m / o UCI4, 17.6 m / o KCl, 50.5 m / o CaClj, 
and 26.8 m / o BaCl2; the lower phase contained 30.8 m / o UCI4, 53.0 m / o KCl, 
6.8 m / o CaCl2, and 9.4 m / o BaCl2. Liquid immiscibili ty was also observed 
at one composition of the UCl4-KCl-NaCl-CaCl2 system. 

4. Removal of Nitrogen from Argon 

The kinetics of the reaction of nitrogen with titanium sponge is 
being studied because of a possible future need to remove nitrogen from 
the argon atmosphere of the Argon Cell of the EBR-II Fuel Cycle Facil i ty. 
For the f irs t runs, at a nitrogen concentration of 1000 ppm, the apparatus 
consisted of a se r i es of eight 3-g titanium sponge test beds and a gas -
circulating loop. The circulation rate was such that only a very small 
fraction of the nitrogen in the gas s t ream reacted with the titanium in a 
single pass through the beds. Thus, all beds were exposed to gas having 
approximately the same nitrogen concentration. The nitrogen concentration 
of the gas was re turned to 1000 ppm before each pass . The extent of r e ­
action of the titanium test mater ia l was determined at intervals during the 
run by successively and permanently removing the topmost titanium bed 
and determining its nitrogen content. 

In an ea r l i e r run (see P r o g r e s s Report for August 1963, ANL-6780, 
p. 24), about 54% of the titanium was converted to titanium nitride at a 
bed tempera ture of 900°C and with 1000 ppm nitrogen in the argon s t r eam. 
Three additional runs at a tempera ture of 900°C with argon containing 
approximately 1000 ppm nitrogen have been completed recently. The 
data indicate that the reaction follows a modified exponential rate law, 
and that the rate decreases markedly after 50% conversion of the titanium 
has been obtained. 

D. Sodium Coolant Chemistry 

1. Analysis for Oxygen 

Current efforts to develop a method for the analysis of oxygen in 
sodium utilize the reaction "O (n,p)'*'N. A sodium sample in a container 
is i r radia ted by means of a Cockcroft-Walton generator; the sample is 
then t r ans fe r red to the counting equipnaent by means of a pneumatic 
t ransfer sys tem. 

Previous studies (see P r o g r e s s Report for May 1964, ANL-6904, 
p . 43) had indicated that the lower limit of this method would be set by the 
oxygen content of the container used to protect the sodium from oxidation 
during i r radiat ion and counting. Tests have been made using 2S aluminum 
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containers; the oxygen content of this material has been determined to be 
about 10 ppm. Tests were then made with five replicate samples of reagent-
grade sodium in 2S aluminum containers. The sodium was found to contain 
103 + 18 ppm oxygen. Additional studies were made, using a standard oxy­
gen sample, to determine the practical limit of reproducibility and p r e ­
cision of the method. With the Cockcroft-Walton generator presently 
available, it is estimated that oxygen levels of 50 ppm can be determined 
to ±20 ppm. Further work on this method is being planned. 

2. Solubility of Carbon in Liquid Sodium 

As part of the study of the chemistry of carbon t ransfer via liquid 
sodium, the solubility of carbon in sodium is being measured. The total 
carbon concentrations in liquid sodium in contact with graphite were found 
to be about 73 ppm at 158°C, about 58 ppm at 300°C, and about 110 ppm at 
445°C. Whether or not oxygen plays a role in this system is not known, 
but may be better understood after oxygen concentrations in these samples 
are measured 

E, EBR-II 

1. Reactor Plant 

After completion of instrument air and power-failure testing (see 
Progress Report for June 1964, ANL-6912, p. 36), the tempera ture of the 
primary bulk sodium was increased to 7 0 0 ^ , and plant-standby conditions 
were established. Approval was received to begin the approach to power 
experiments on July 16, 1964; the reactor was made cri t ical at 2030 hours 
that day. The reactor has been operated at powers up to 10 MW. 

a Approach-to-power Experiments . With the reactor at 50 to 
100 kW, the detectors for nuclear channels 4, 5, 6, and 7 were repositioned 
to make them effective at power levels up to approximately 80 MW. Vol­
tage plateaus were determined for all installed compensated ion chambers-
Transfer function measurements were completed at 50 and 500 kW. The 
reactor power level was then raised m 1-MW increments to 5 MW. The 
primary flow was held at 100% and 74% while t ransfer function data and 
heat balance data were obtained The power was then ra ised incrementally 
to 10 MW for additional data points. 

^' Oscillator Studies. Two independent types of analyzing equip­
ment are being used in oscillator studies: the null device and the c r o s s -
correlation integrating device which was used successfully on BORAX V 
T ^i^^'^' ^""^P^^ison of data between the two sets of analyses is better 
than 17o on amplitude and j - " on phase. Because the c ross -cor re la t ion 
analysis is so much quicker at the lower frequencies, it is being used as 
the prime data-taking device. Pre l iminary investigation of the 5-MW data 
would mdicate that the reactor system is producing no unexpected feedback 
propert ies . 
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c. Power and Flo^v Coefficients. The power coefficient was de­
termined over the small range of 10 MW as -2 Ih/MW by reference to the 
change in the position of the calibrated control rod. Likewise, the change 
in control rod position in changing from 100% to 74% flow gives the first 
indication of the flow coefficient. These resul ts are listed in Table XVIII. 

Po^ver 
(MW) 

0 ,5 

1.1 
2 . 2 
3 .3 
4 . 5 
5 .6 
5 .0 
5 .0 

10 
5 . 0 
5 .0 

Table 

Flow 
(%) 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

74 

XVIII. Power and FL 

Control Rod 
No. 3 (in.) 

9.52 
9.62 
9.92 

10.20 
10.59 
10.89 
10.55 

5.31* 
6.03* 

11.00 
11.31 

ow Coefficients 

Reac to r 
Temp ("F) 

7 0 0 
7 0 0 
700.5 
701 
7 0 1 

701.5 
6 9 9 
6 9 9 
6 9 8 
7 0 0 
7 0 0 

Ak/k 
(Ih) 

0 
- 1 
-3 .5 
-5 .5 
-9 .2 

-11.2 
-10 .5 
-10 .5 
-20 .5 

0 
-1 .5 

*Changed bank rod position. 

d. Fuel-handling Maintenance. Under plant-standby conditions, 
the fuel-unloading-machine gripper was removed, cleaned, inspected, 
and then reinstalled and adjusted. The fuel- transfer-port hex tube was 
cleaned because of a tight area about 9 to 9^ ft below the top face of the 
transfer port . 

e. P r imary Purification System. During operation at plant-
standby conditions, the plugging-valve bellows of the pr imary sodium-
sampling system failed. This bellows was replaced and the sampling 
system res tored to operative condition. 

The siphon break system for the sodium-purification line from 
the reactor is being modified to provide remote opening of the siphon 
break valve. 

f. Fuel Element Rupture Detection (FERD) Loop. The installation 
of the FERD loop shielding has been completed and sodium flow has been 
established through the loop. Detection instrumentation is being installed 
and checked out. 

g. Argon-purification System. A filter in the sodium vapor t rap 
No. 1 became part ial ly plugged and was replaced. Plugging was probably 
due to sodium aerosol and vapor car r ied into the trap during the purging of 
nitrogen from the blanket gas last month. 
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2. Sodium Boiler Plant 

Heatup of the pr imary and secondary systems continued, with 
1270 psig steam drum pressure being maintained. When the p r imary 
sodium temperature reached 670°F, heat input in the p r imary and second­
ary systems was adjusted so that equilibrium conditions •were attained 
with natural convection in the secondary system. At this condition, 
thermal data were obtained, and flowmeters and temperature indicators 
were checked. Power was then applied to the secondary pump in the 
reverse direction to reduce thermal convection flow, and the p r imary 
tank temperature was increased to 700°F. 

From July 8 to July 24, the pr imary tank temperature was main­
tained at 700°F by adjusting secondary flow while low-power physics ex­
periments were conducted with the reactor . Under these conditions, the 
secondary sodium plugging temperature rose from 250°F to 300°F in 
approximately 5 days. The temporary cold trap was placed in operation, 
reducing the plugging temperature to 250°F in about 2 days. 

The argon cover gas system was purged twice to reduce the hy­
drogen, helium, and nitrogen impurity levels. The hydrogen-helium level 
was reduced from approximately 1700 ppm to approximately 800 ppm. 
A valve in the sample line between the surge tank and the gas chromatograph 
was found to be partially plugged and was replaced. It was also found nec­
essary to install a small diaphragm pump in this line to a s su re an adequate 
gas sample to the chromatograph. 

3. Power Plant 

The Power Plant systems remained in operation during the month 
with steam drum pressure at 1270 psig. During low-power reactor opera­
tion, the startup feedwater pump was operated with manual drum level 
control. To conserve heat, the blowdown system was left in shutdown 
condition and steam traps were operated manually. On July 25, when the 
reactor power was increased to 5 MW, the motor-dr iven boiler feed 
pump was put into operation, along with the automatic drum level control 
system. Normal blowdown flow (20,000 Ib/hr) was established, and the 
steam traps were placed in normal operation except for three t raps which 
leaked excessively. Auxiliary steam is used for the air ejector, turbine 
seals, and the deaerating heater as a convenience in establishing standby 
plant conditions following reactor sc rams . 

A temporary blowdown line was installed between the body of the 
turbme stop valve and the outside of the building. This line will be used 
to blow debris out of the steam line leading to the turbine just before the 
turbine is placed in operation. 
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4. Fuel Cycle Facil i ty 

a. Argon Cell. An argon-atmosphere enclosure system is being 
installed at Argonne, Illinois, in order to test the effect of a dry argon 
environment on the operation of equipment to be used in the EBR-II 
Argon Cell. One glovebox and an argon purification system (similar to 
that in the EBR-II Argon Cell) have been previously installed and placed 
in operation (see P r o g r e s s Report for May 1964, ANL-6904, p. 47). The 
glovebox is being used to test equipment for the last step of the skull-
reclamation p rocess . As par t of this enclosure system, the construction 
of a large inert a tmosphere enclosure, 24 ft long by 12 ft wide by 14 ft high, 
was begun. It will be equipped with glove ports and a large roof hatch 
(12 ft long by 7^ ft wide) for handling large pieces of equipment. 

The new enclosure will be used initially for the testing of a 
prototype (M-2) skull oxide-reclamation furnace whose fabrication is 
underway. The furnace will be res is tance heated and will accommodate 
a 14-in.-ID p ressed-and-s in te red tungsten crucible. 

b. Development of Remote Controlled Methods and Equipment 
for Fuel Fabricat ion 

(i) Grapples . Grapple failure can be extremely ser ious . 
Two types of grapples were constructed for handling the EBR-II fuel 
element. A blower-cooled, electr ical ly powered grapple is shown in 
Figure 12. A second grapple, pneumatically powered and containing no 
electr ical components within the radioactive cell, is shown in Figure 13 
and in an exploded view in Figure 14. 

(ii) Fuel Element Welding. Remote, arc spot welding is used 
to complete the final assembly of core and blanket fuel elements in the 
Fuel Cycle Faci l i ty . The hexagonal tube enclosing the upper and lower 
blanket sections and core sections is attached to the lower adapter by six 
fusion spot •welds. The spot welders a re located on a stationary platform 
in the lower par t of the fuel-element assembly machine. Power supply 
for •welding is located in the basement and consists of a Vickers Type 
51E30-2 dc a rc •welder. Mineral- insulated coaxial copper cables conduct 
the current from the welding po^wer supply approximately 9 m (27 feet) 
to the assembly machine inside the process cell. The commercia l welding 
supply was equipped for initiation of the arc by a high-voltage radio-
frequency current generated by a commercia l spark gap oscil lator. How­
ever, the minera l - insula ted cables used in this application attenuated the 
radio-frequency po^wer so that insufficient ionization was provided at the 
welding gap. To cor rec t this problem by replacing the mineral - insula ted 
cables with low-impedance cables would be very costly and would not 
a s s u r e that no further problems would be encountered. 
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^TOP FITTING 
OF ELEMENT 

Figure 12. Electrically Powered Grapple for Handling EBR-11 Fuel Elements 

Figure 13. Pneumatically Powered Grapple for Handling EBR-II Fuel Elements 
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SHORT COUPLING 

%.-.^ 

EXTENSION 
COUPLING 

Figure 14. Exploded View of Pneumatically Powered Grapple for Handling EBR-II Fuel Eletnents 

A m e t h o d was deve loped to s t a r t the a r c by m e a n s of a 
dc h i g h - v o l t a g e c a p a c i t o r - d i s c h a r g e c i r c u i t i s o l a t e d f r o m the w e l d e r 
p o w e r supply by h e a v y - d u t y s i l i con d i o d e s . The a r c s t a r t e r i s shown in 
F i g u r e 15, and i ts s c h e m a t i c d i a g r a m in F i g u r e 16. In o p e r a t i o n , the 
c i r c u i t func t ions a s two p o w e r s u p p l i e s , one p rov id ing h igh vo l t age to 
ion ize the gap and s t a r t the a r c , and the o the r to s t a b i l i z e the a r c by d i s ­
c h a r g e of l a r g e c a p a c i t o r s . The c i r c u i t is e n e r g i z e d when the w e l d e r i s 
t u r n e d on. Th i s i s done by e n e r g i z i n g the p o w e r r e l a y (R) f r o m a v o l t a g e -
s e n s i t i v e r e l a y (R-13) . The v o l t a g e - s e n s i t i v e r e l a y a l s o cuts off the 
a r c s t a r t e r when the we ld c u r r e n t i s e s t a b l i s h e d . Diodes (D-2) i s o l a t e 
the two vo l t age s u p p l i e s , and d iodes (D-3) i s o l a t e the h igh vo l tage f r o m the 
w e l d e r . The c o n t r o l s a r e p r o t e c t e d f r o m t r a n s i e n t vo l t age sp ike s by 
m e a n s of r e s i s t o r - c a p a c i t o r n e t w o r k s . R h e o s t a t s (R-1 and R-2) ad jus t 
the c h a r g i n g r a t e of c a p a c i t o r ( C - l ) to the d i s c h a r g e r a t e of the a r c . The 
choke s t a b i l i z e s the a r c and i n s u r e s an even flow of c u r r e n t . A u x i l i a r y 
c o n t r o l s e n e r g i z e the r e l a y c o n t a c t s c o n n e c t e d to the weld ing guns , and the 
e n t i r e we ld ing c i r c l e i s p r o g r a m m e d . 

(iii) F u e l E l e m e n t R e m o v a l M a c h i n e , At the p r e s e n t t i m e the 
ind iv idua l fuel e l e m e n t s a r e r e m o v e d f r o m the s u p p o r t g r i d of the fuel 
s u b a s s e m b l i e s by s p e c i a l tongs u s ing the Model 8 M a s t e r - S l a v e s , The 
F u e l E l e m e n t R e m o v a l Mach ine wi l l p e r f o r m th i s o p e r a t i o n and wi l l be an 
add i t i on to the C o r e S u b a s s e m b l y D i s m a n t l e r , It r e m o v e s the e l e m e n t s a 
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row at a t ime and feeds the e l e m e n t s to the i n s p e c t i o n dev ice one a t a 
t i m e . This device will be able to e x e r t h i g h e r f o r c e s than the tongs in 
removing e l e m e n t s f rom the g r i d , and is l e s s s u s c e p t i b l e to h u m a n e r r o r 
in mainta in ing ident i f icat ion of the e l e m e n t s by the o r d e r of r e m o v a l . The 
mach ine has undergone ex tens ive t e s t s and the r e s u l t i n g m o d i f i c a t i o n s to 
improve its r e l i ab i l i ty a r e about 90 p e r c e n t c o m p l e t e . A l s o , a d a p t e r s 
have been fab r i ca ted to enable the m a c h i n e to p r o c e s s a 6 1 - e l e m e n t s u b ­
a s s e m b l y as wel l as the u sua l 91, A p ro to type c o n t r o l pane l i s be ing 
buil t . 

Figure 15, Arc Starter for Remote Spot Welding of EBR-II Fuel Elements 

= • P r e p a r a t i o n s for O p e r a t i o n s 

c a r r i e d out !'^ Skull R e c l a m a t i o n P r o c e s s . Mixing t e s t s have b e e n 
u s e ' n i h e M 2°f " ^ " ^ " ^ ^ ' ^ ^ ^ ^ '^^ de s ign of mix ing e q u i p m e n t for 
(as a s and i'n f o " ™ " - f ' ' * " ' conduc ted a t 350»C with m o l t e n l e a d 
steel c ruc tb le t " t ' I" ' ' ^ " " r e c l a m a t i o n p r o c e s s ) in an unbaff led 
I tTtide r H ' ' ' ' " " " " ^ i n t r o d u c e d in a t r u e v e r t i c a l 

T l l t r ( 4 ° : " T l " ? i ° ' ' " ^ " ^ " ^ ' ' " ^ P - - ^ ' ^ - f o u r - b l a d e d s t e e l 
uTe w th t " ^ '^ ' " • "^'^^^ ^ ^ ' ^ ' ^^ W - d e s p i t c h e d a t 45°, F o r 
3 w A W P o " ' " ^ • ' " " ' ' ' " ^^'"' ''' ^ " ^ " ) - " ^^ f a b r i c a t e d of M o -
i hp a t l m f ^ ^ ^ - — t ^ for the s t i r r e r m o t o r w e r e m o d e s t , 
4 np at a mixing speed of 775 r p m . 
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T I - POWER XMFR - 120 460V 
T 2 - HIGH VOLTAGE XMFR -120 2000 V 
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DI-02 -DIODE IN3296 
0 3 - DIODE IN3I70 
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C 3 - 4 MFD 1000 WVDC 
L I - 0.07S h 

+ FROM WELOEB 

Figure 16. Schematic Diagram for dc High-voltage Capacitor-discharge circuit 
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The last step of the skull reclamation process is being 
demonstrated in engineering-scale (15 kg Zn-Mg) retorting runs at 
Argonne, Illinois, The demonstrations a re being conducted in a modified 
melt refining furnace which is installed in an argon atmosphere glovebox 
(see Progress Report for May 1964, ANL-6904, p, 47), Ten retort ing 
runs in which uranium was recovered from zinc-magnes ium-uranium 
ingots have been completed. In these runs, thixotropically cast BeO 
crucibles produced by two manufacturers , the Brush Beryll ium Company 
and the Coors Porcelain Company, were used. In nine runs which were 
carr ied out at 1250°C, the same Brush BeO crucible was used. The 
crucible performed satisfactorily through the the nine runs and then 
failed during handling by cracking circumferentially near the bottom. 

In one run, a Coors BeO crucible was used. In this run, 
because of a thermocouple failure, the melt was heated to 1400°C. The 
uranium product was principally in the form of a button which adhered to 
the crucible and could not be readily removed from the crucible. Fines 
were also present in the crucible. The uranium button and fines were 
oxidized to a powder \vhich was poured from the crucible. The appearance 
of the crucible was still good. Additional retorting runs •with a new Brush 
BeO crucible and the used Coors BeO crucible a re planned. 

(ii) In-cell Manipulators. Generally satisfactory operation 
of electromechanical manipulators in the Air and Argon Cells, as well 
as of in-cell cranes, has been noted since modifications and adjustments 
were made several months ago. 

To facilitate periodic inspection and to al ternate normal 
atmospheric with extremely low-humidity operation, rotating of the high-
bridge carr iages between the Argon and Air Cells is planned. 

During a recent attempt to develop a remote technique 
for manipulator carr iage removal and replacement in the Air Cell, one 
of the carr iages was dropped about 12 ft from about bridge level to the 
Air Cell floor due to improper attachment of the crane hook to the lifting 
beam. The latter resulted from difficulties in seeing the hook-
engagement operation, which had to be ca r r i ed out near the cell roof, 
from outside the cell. Considerable damage was done to the manipulator 
carr iage, which is one of five identical units. Damage has not been 
assessed completely, but the unit will be repai red if this is feasible. 

(ill) Refining and Casting Equipment. The f irst melt of en­
riched uranium-fissium alloy was made in one of the melt-refining fur­
naces to reclaim castable metal from a 10.2-kg charge of injection casting 
heels and other scrap. An ingot yield of 87% was obtained. This relatively 
low yield is attributed to the fact that casting heels and scrap mate r ia l s 
were used in this run. Of 70 castings of satisfactory length, 50 were found 

file:///vhich
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acceptable in the pin processing operation and are being readied for 
assembly. The melt-refining slag was oxidized satisfactorily and has 
been removed from the crucible. 

(iv) P roces s Off-gas System. Another experiment utilizing 
iodine-131 (see P r o g r e s s Report for June 1964, ANL-6912, p. 43) was made 
to test iodine-retention charac te r i s t i cs of the melt-refining furnace off-
gas system. One Curie of iodine was volatilized and introduced, with a 
c a r r i e r s t r e a m of argon gas , into the off-gas delay tank via a 50-ft length 
of pipe buried in the building floor. Analysis of a sample of gas from the 
tank before discharge through the 200-ft stack showed less than 0.2 fiC 
iodine-131 in the 140-cuft of gas discharged. Subsequent to this discharge, 
the tank was twice refilled with argon and discharged to the stack. Samples 
from these discharges showed no detectable iodine. 

Survey of the delay tank showed that the iodine was con­
centrated in a thin disc that corresponds to the upper par t of the charcoal 
in the entry section. 

Calculations of the amount of iodine retained within the 
tank are complicated by the method of surveying and by e r r o r s in e s ­
timating the depth of penetration of the iodine into the surface of the 
charcoal . The calculated values (of the order of 0.3-0.5 C) would in­
dicate that a very high percentage of the iodine was retained. 

(v) Fuel- refabr icat ion Equipment. In continuing fabrication 
and assembly of fuel elements , 49 welded pins of batch 0.24 completed 
bond and bond-test cycles. In the first cycle, 36 elements were accepted; 
in a subsequent rebond cycle, four of the thirteen rejected pins were 
accepted. All nine re jects were due to bubbles below the r e s t r a ine r . The 
mean sodium level of this batch was 0.65 in. above the top of the fuel, 
which is in excellent agreement with the specification of 0.65 ± 0.15 in. 
The standard deviation of the batch was 0.068 in., the lowest population 
spread thus far attained. These s tat is t ics indicate that in a large p r o ­
duction run an acceptance level of 97 to 98% may be expected. 

Process ing of batch 0.21 was undertaken. Of the 70 a c ­
ceptable pins welded, 68 passed leak detection and a re being bonded. 

A shor t -c i rcu i t was detected in an induction feedthrough 
to one of the fuel-element welding machines in the Argon Cell. This is -
hea^vy-section, minera l - insula ted cable •with 150 mils of insulation. To 
initiate the weld, a high-voltage radiofrequency discharge is used. Whe: 
the feedthrough was removed and examined, a discharge path was found 
in about the center portion of the cable. A replacement cable is being 
fabricated. 

a 
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The tensile and straightness tes t machine was received 
and moved into the Air Cell. Installation and check of this machine is 
under way. The final assembly machine was used to assemble and weld 
a 61-pin natural uranium dummy assembly- The basic functions of the 
machine are acceptable with a few minor exceptions. Some of the remote 
maintenance problems are being corrected. 

Progress has continued on the installation of the fuel ele­
ment assembly machine; the electrical and pneumatic control circuit 
wiring was completed. The force bridge t ransducer and readout system, 
that limits the fuel element assembly forces, was installed and the force 
limit settings for both compression and tensioning were established. The 
installation of the hexagonal-tube welding system was completed and 
successful welds were obtained. This equipment included the new impulse 
arc-initiation system. The gas-cooled grapple system was installed and 
successfully operated with the 400-cps power supply. 

F . FARET 

1. General 

The principal activities for the current reporting period continue 
to be concerned with general Title II engineering at the Laboratory and 
at the Architect 's offices. Bechtel 's efforts a re at the scheduled peak 
level. Major attention is continuing to be directed toward finalization 
of the Piping and Instrumentation Diagrams and plant layout. The amount 
of development of design cr i ter ia is decreasing. 

Considerable effort is still being devoted to design problems 
associated with containment in the immediate vicinity of the reactor vessel. 
Shielding, containment design, instrument locations, and cooling problems 
are being studied. Initial comments have been t ransmit ted to Bechtel in 
connection with their reactor vessel specifications and suggested package 
dra^wings. 

Recent typical t ransmit tals to Bechtel by the Laboratory have in­
cluded design information and comments on fuel t ransfer hoist requi re ­
ments, radiation zoning, shielding calculations, c r i te r ia for electr ical 
operation in argon, equipment list review, flow model data, vault pene­
tration and seal cr i ter ia , and reviews of control room and control panel 
layouts. 

An initial review of the plan for procurement and construction ac ­
tivities prepared by United Engineers and Constructors , Inc., has resulted 
in some minor changes in the Title II design planning. In par t icular , 
design Package VII has been revised so that it now covers miscellaneous 
early procurement i tems, such as the building bridge crane, heating boilers, 
and certain process sys temtanks , originally included in design Package IX. 
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2. Reactor Vessel 

Drawings and specifications for reactor vessel procurement a re 
in the final stage of completion. Sodium flow considerations, steady and 
transient thermal effects, neutron shield requi rements , vessel and core 
support s t ructure alignment requi rements , and vessel support consider­
ations a re being resolved. The procurement package will include the 
double-walled vesse l , the vesse l conical extension, the vessel cover, 
and the core support s t ruc ture . Procurement will be based upon a pe r ­
formance and requirements type of specification. The detailed design of 
the vesse l will be performed by the vessel vendor who will be selected 
by a Selection Board. 

3. Design of Reactor Vessel Cavity 

The design of the reactor vessel cavity and associated portions of 
the containment s t ructure must provide for the absorption of the energy 
equivalent to 40 lb of TNT re leased at the center of the core without im­
pairing the integrity of the containment s t ructure l iner . The reference 
Title I design is being modified because of a lack of confidence in liner 
integrity under the postulated conditions of energy re lease . Accordingly, 
a r e a s se s smen t of the cavity design is in p rog res s . The resul ts of this 
revie^w indicate the need for some modifications to the reference design. 

As present ly conceived, the reactor cavity will be surrounded with 
closely spaced steel bar hoops and ver t ical bars in the configuration of 
an open-ended basket. This a r r a y form a pseudo-pressure vessel open 
at the top. The major portion of the incident energy is absorbed by signifi­
cant elastoplast ic deformation of these bars as the "pressure vessel" 
expands under the influence of the applied forces . Concrete placed inside 
of the hoops (between the reac tor cavity and hoops) serves as a piston 
system pushing radially outward on the steel b a r s . 

Based on an average elongation of 5 percent , the equivalent of one 
ver t ical row of hoops (on a 25-ft diameter) of l.|--in., round, mild steel 
b a r s , spaced at about 3-|. in. on cen te rs , is required, as •well as vert ical 
steel b a r s . Approximately one-half as much steel is needed in the v e r ­
tical as in the horizontal direction. 

The concrete enclosed by the steel hoops will move radially out­
ward as the steel undergoes plast ic deformation. Since this concrete 
serves as a piston or loading device on the steel b a r s , the concrete must 
be able to slide outward. This is accomplished by eliminating any sub­
stantial s t ruc tura l t ies or continuity between that portion of the concrete 
which must move to absorb the energy and the r e s t of the containment 
s t ruc tu re . 
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Wherever required, gaps will be provided between the energy-
absorption structure and the steel containment liner plate. Also, crushable 
materials (such as lightweight concrete) will be placed in front of the 
steel liner at any vulnerable locations. Thus, even though the s tructure 
undergoes significant deformation, the liner plate, which forms the ult i­
mate gas-tight bar r ie r , is not subjected to significant loading. 

4. In-core Instrumentation 

The computer program which analyzes the fuel pin "hot zone" 
e r ro rs (see Monthly Progress Report for November 1963, ANL-6808, 
p. 29) has been modified to give better representation of the physical 
properties of the thermocouple mater ia ls . The anticipated "hot zone" 
e r ro rs from the prototype thermocouples that will be used to measure 
the centerline temperature of the tight-fit FARET fuel pins have been 
calculated (see Table XIX). This thermocouple has a tantalum sheath, 
thoria insulation, and W-3% Re/W-25% Re wires . 

Table XIX. "Hot Zone" E r r o r s * for Tight-fit FARET Fuel Pins 

M a x 
Fuel 

Temp 
T °r 

2760 
2300 
2000 
1700 
1400 

90 , 

E r r o r 

•H067.3 
•r783.6 
•1-486.4 
-I-233.2 

-1-81.7 

~m 

ta 

1297.4 
1101.6 

973 .8 
846,1 
718.4 

I m m e r s i o n 

70 

E r r o r 

-H25.7 
-H40.6 

•t82.0 

-f35.9 
-H2.4 

c m 

ta 

2262 .4 
1890 .3 
1647 .5 
1404 .8 
1162.1 

L e n g t h s 

50 

E r r o r 

- 3 2 9 . 2 
- U 8 . 7 

- 5 0 . 1 
- 1 7 . 1 

- 4 . 2 

of T h e r m o c o u p l 

c m 

t a 

2 7 3 5 . 0 
2 2 7 8 . 7 
1981.0 
1683,4 
1385 ,8 

30 

E r r o r 

- 1 7 4 , 0 
- 4 4 , 8 
- 1 7 , 0 

- 5 , 5 
- 1 , 3 

e s 

c m 

t a 

2 6 0 3 , 9 
2 1 7 6 , 2 
1897 ,3 
1618 ,4 
1339 ,4 

10 

E r r o r 

- 2 , 6 
- 0 , 8 
- 0 , 3 
- 0 , 1 
- 0 , 0 

c m 

t a 

1907,0 
1613,7 
1422,5 
1231,3 
1040,1 

* tm - ta - ho t zone e r r o r , °C. w h e r e t j ^ i s t he t e m p e r a t u r e m e a s u r e d by the t h e r m o c o u p l e 
and ta the t e m p e r a t u r e of the t h e r m o c o u p l e h o t j u n c t i o n . 

If this "hot zone" e r ror analysis truly depicts the actual e r r o r s , 
the placement of the thermocouples for measurement of the FARET fuel 
pin temperatures will have to be carefully planned. If the immersion 
length is long, careful interpretation of the resulting temperature p ro­
file must be made. By means of the results of this analysis, however, 
corrections can be applied to the measurements to ar r ive at actual 
temperature distributions if long immersion lengths become necessary, 

5. Fuel Assembly Sodium Flow Test Facility 

The dump tank was delivered and set in place on temporary mounts 
in the deep pit in Building 308. Check revealed that the dump tank did not 
have the required ASME Code Approval Stamp. Also, further investigation 
disclosed that none of the flow test facility vessels (pressure and expan­
sion) would bear Code Approval. Since this is an engineering and safety 
requirement for the loop vessels , action has been initiated to rectify this 
situation. 
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The inter im pump mounting and s t r ingers for the expansion tank 
have been welded in position. Welding of the discharge and suction piping 
to the in ter im pump and of other pipe components is in p rog re s s . 

Design and fabrication drawings have been completed for (l) the 
19-element core support s t ructure for the p r e s su re vesse l , (2) the p r e s ­
sure vessel extension piece and (3) the p r e s su re vessel head that will 
be used during the test p rogram. 

All instrumentation for the loop has been ordered, and some of 
the available components a re being positioned. Prototype core subassem­
blies which will be used in the test facility have been designed. The initial 
19-element tes t will consist of 12 reflector, 2 buffer, 2 dr iver , 2 test zone 
subassembl ies , and a control rod. The 12 reflector elements have been 
ordered. 
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III. G E N E R A L REACTOR TECHNOLOGY 

A. E x p e r i m e n t a l R e a c t o r and N u c l e a r P h y s i c s 

1. H i g h - c o n v e r s i o n C r i t i c a l E x p e r i m e n t 

The t h e r m a l d i sadvan tage f ac to r (C25) and the U^'° c a p t u r e c a d m i u m 
ra t io (C28) w e r e r e m e a s u r e d by d i r e c t and t h e r m a l a c t i v a t i o n ( subs t i tu t ion) 
me thods in a 1 .24-cm pi tch s q u a r e l a t t i c e fuel zone with s t a i n l e s s s t e e l - c l a d 
fuel. It had p rev ious ly been noted tha t the r e s u l t s f r o m the two m e t h o d s 
tended to differ a s the l a t t i ce spac ing d e c r e a s e d . H o w e v e r , good a g r e e m e n t 
between the r e s u l t s w e r e found for the 1 .24-cm s q u a r e l a t t i c e . 

CJg = 1.24 + 0.01 ( a v e r a g e of 3 d i r e c t m e a s u r e m e n t s ) 

C28 = 1.243 + 0.002 ( a v e r a g e of 3 t h e r m a l a c t i v a t i o n m e a s u r e m e n t s ) 

In each c a s e , the c a d m i u m r a t i o s inc lude c o r r e c t i o n s for foil s e l f - s h i e l d i n g 
and for ex t rapo la t ion to z e r o m a s s of c a d m i u m . 

In m e a s u r i n g the t h e r m a l d i s a d v a n t a g e fac to r , v a l u e s for the f i s s ion-
cadmium r a t i o C25 in the fuel and in the m o d e r a t o r , the r a t i o of f i s s i o n s in 
b a r e foils loca ted in the fuel to t hose in the m o d e r a t o r , and the r a t i o of ep i ­
cadmium to s u b c a d m i u m f i s s ions ( P25) w e r e a l s o ob ta ined , with the following 
r e s u l t s : 

C25 (fuel) = 4.5 ± 0.1 

P25 = (C25- 1 ) - ' = 0.29 ± 0.01 

C25 ( m o d e r a t o r ) = 5.2 ± 0.2 

B a r e - f o i l f i s s ion r a t i o = 1.12 ± 0.01 
( m o d e r a t o r / f u e l ) 

C25 = 1.16 + 0.02. 

A co re in which the c e n t r a l zone h a s a h y d r o g e n to U^^^ a t o m r a t i o of 
1:2 was a s s e m b l e d . Th i s zone was housed in an a l u m i n u m box in which 388 stain­
l e s s s t e e l - c l a d H i -C fuel p ins w e r e p a c k e d t o g e t h e r wi thout s p a c e r s . It i s 
planned to make the s t a n d a r d m i c r o p a r a m e t e r m e a s u r e m e n t s in th i s fuel zone 
and to d e t e r m i n e whether a s y m p t o t i c s p e c t r a l cond i t i ons have b e e n r e a c h e d . 

2- I n - c o r e F a s t Neu t ron S p e c t r o s c o p y 

The t echn iques for m e a s u r i n g u n c o U i m a t e d n e u t r o n s p e c t r a in the 
range f rom 1 keV to 1 MeV with a r e c o i l - p r o t o n p r o p o r t i o n a l c o u n t e r using 
p u l s e - | h a p e d i s c r i m i n a t i o n to r e j e c t g a m m a induced ev en t s h a s b e e n i n v e s t i ­
gated. The a s s o c i a t e d e l e c t r o n i c c i r c u i t r y which m u s t e x a m i n e e a c h event 
and dec ide whe the r to a c c e p t or to r e j e c t it i s c u r r e n t l y o p t i m i z e d to ope ra t e 

4Bennett, E. F., A Study of the 1/E Slowing-down Neutron Spectrum Using 47T Recoil Proportional 
Counters, ANL-6897 (to be published). " 
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at a total count rate (neutrons plus gammas) of less than 2000 counts /sec . 
Some pre l iminary count-rate measurements were made in the core of a 
zero-power reactor with this type of spectrometer . 

A proportional counter was constructed to fit into the standard 
5.1 X 5.1-cm matr ix fuel drawer used in both the ZPR-VI and ZPR-IX a s sem­
blies. The counter had a 0.0025-cm-diameter center wire and a grounded 
case, 3.5 cm in diameter by 14 cm long. Steel capillary tubing, slipped over 
the ends of the center wire, defined an active counter length of about 7.6 cm 
(active volume of about 73 cm^). The counter was filled with 3 atm of hydro­
gen, 100 mm Hg of methane (for quenching), and 100 mm Hg of nitrogen (for 
calibration by means of the n,p reaction). 

This detector was placed in one of the halves of the ZPR-VI Assem­
bly No. 2, a 650-l i ter core . The volume fractions in the core were: 17% stain­
less steel, 36% sodium, 15% carbon, 5% \j"^, 21% U"*, and 6% voids. The 
assembly had a depleted uranium blanket. Count ra tes were taken about 70 hr 
after the reactor had run for about 40 min at a power level of about 50 W. 

With the reactor halves separated and neutron sources removed, the 
total gamma background count rate in the detector was 2700, 1300, and 
500 counts /sec , at the center of the core, at the edge of the core, and in the 
blanket, respectively. 

The reactor sources were then inserted and the halves driven to­
gether. Under these conditions with the reactor still subcrit ical , the detector 
count rate in the center of the core rose to 6000 counts /sec . Data were taken 
with a two-dimensional analyzer which sorts events by r i se time and pulse 
height.'^ 

For ionization levels (pulse heights) produced by the 5- to 10-keV 
recoil proton, separat ion of events based upon r i s e - t ime distribution indi­
cated about 30% of the total count were caused by neutron events. The neu­
tron peak was smeared (presumably due to the effect of the excessive count 
rate) so that there is some uncertainty in analyzing the resu l t s . The separa­
tion should be bet ter for ionization levels above or below the 5- to 10-keV 
band chosen here . 

Fur ther studies will be made on the possible application of this 
spect rometer for making in-core measurements . Some new chambers have 
been fabricated, filled, and calibrated. The chambers have center wires , 
0.0025 cm in diameter , but the inside diameter has been reduced to 2.5 cm 
and the active length to 5.9 cm. One detector has been filled with 3 atm 
of hydrogen, 100 mm Hg of methane, and 100 mm Hg of nitrogen. The other 
detector has been filled with 3 atm of methane and 100 mm Hg of nitrogen. 
The first counter will be used for spectrum measurements in the region 
from 0.8 to 100 keV, and the second for measurements in the region from 
1 nn VP\'" to 1 MeV. 
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B. Theoretical Reactor Physics 

1. Numerical Analysis 

A detailed survey of the expansion of the exponential integral over 
the range 0 £ x £ 4 in the Fourier-Chebyshev ser ies : 

oo 

:i (x) + l n | x | = 2 . CkTk 
k=o 

1 + {/3 - (1/4)} X 

where the prime on the summation indicates that the first t e rm is to be 
divided by 2, and Tĵ  (t) is the kth shifted Chebyshev polynomial, has been 
carried out to give more definite information on the dependence of the coef­
ficients Cu on the parameter |B. The results for k = 5, 10, 15, and 20 are 
shown in Figure 17. Sections of the curves where cj^ is negative are dashed. 
The great reduction in magnitude of the higher coefficients as |3 increases 
from 0.25 (corresponding to an expansion in Chebyshev polynomials in x/4) 
is apparent. Even between zeros, |c2o| at /3 =: 0.277 is almost a million 
times smaller than at /3 = 0.250. The alternation of signs mentioned in 
the Monthly Report for June, ANL-6912, p. 58, is also well i l lustrated. 
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Dependence of cj; on/3 for E]^(x)-ln I x| 
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/3 

An algorithm has been devised to estimate the integral 

f e-^f(x) dx. 

where f(x) is given by experimental data at a rb i t rary points. The method 
used IS to approximate the function f(x) by an interpolating polynomial and 
then to integrate. Data should be limited to fairly small sets of points and 
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severa l sets used to check the est imates of the integral, since the e r r o r de­
pends upon the location of the points as well as on the nature of f(x) in an 
undetermined way. 

2. Use of Very Large Fast Breeder Reactors for Desalinization of Water 

The advantages of coupling of very large fast power breeder reac tors 
with the desalinization plants a re being studied. By going to reactor sizes 
considerably la rger than the 1000-MWe plants now under study for central 
station power, it is expected that capital costs can be further reduced, en­
hancing the possibility of economically producing fresh water and power 
together. 

Large (1000-MWe) sodium-cooled fast reac tors , using either metallic 
or ceramic fuel based on the Pu-U^^^ cycle, a re subject to both local and/or 
overall positive sodium void reactivity effects. The role of this effect in the 
evaluation of reactor safety is still under study. 

Calculations have indicated that U^^^-fueled reac tors should be much 
less subject to undesirably large positive sodium void effects. This is due 
to the difference in the energy-dependence relationship of the fission and 
capture c ross sections for U^^'. 

A pre l iminary conceptual study has been undertaken on a 15,000-liter, 
thorium-U^^^-fueled, sodium-cooled fast reac tor . Ear ly calculations for a 
"clean" reactor loaded with either metall ic or carbide fuel, without consider­
ing fission product or higher isotope buildup, predict a large loss in r e ac ­
tivity for uniform loss of core sodium. The Doppler coefficient is predicted 
to be highly negative. The prel iminary calculations indicate that the breeding 
ratio is only slightly above unity, and some care in design will be required to 
insure a net breeding gain. 

Calculations for an "equilibrium" core are underway. 

C. High- temperature Materials Development 

1. Ceramics 

a. UC-US Systems. Sintered specimens of UC, UC-5 w/o US, 
UC-20 w/o US, UC-60 w/o US, UC-80 w/o US, and US were crushed to pass 
a 140 mesh (U. S. Standard) sieve. (The l imits of solubility a re UC-4 w/o US 
and UC-60 w/o US.) The powders were mixed withan equal weight of AI2O3 
and heated in static air at 5°C/min to 1000°C in the differential thermal anal­
ysis apparatus . 
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The curves for UC and UC-5 w/o US were similar; two exotherms 
occurred, the weaker at 350°C and the stronger at 390-395°C. The first exo­
thermic effect of the UC-5 w/o US specimen was weaker than that of the UC. 
No other differential heat effects were exhibited up to 1000°C. 

Two exothermic heat effects were also exhibited by UC-20 w/o US, 
the weaker being much reduced in comparison with the two previous speci­
mens; the peaks occurred at 370°C and 415°C. There was also a weak endo-
therm at 740°C. 

The curves for the other three compositions exhibited in common: 
a large exotherm at 410-430°C, a weak exotherm at 530-560°C, and a weak 
endotherm at 750°C. In addition the US specimen exhibited a weak exothermic 
effect at 615°C. 

X-ray analyses of specimens heated to a temperature immediately 
above the largest exotherm and also to 1000°C revealed the presence of only 
U3O8. It is thought that the weak differential effects exhibited by the US-rich 
specimens at higher temperatures are associated with the retention of sulfur, 
in the form of higher sulfides, in the oxide lattice. Similar behavior has been 
observed in other uranium compounds. 

b. The Preparation of Uranium Monosulfide. The investigation of 
the preparation of uranium monosulfide by the fused salt process first re­
ported by Yoshioka^ was continued. This process involves the reaction of 
UF4 with H2 and H2S gases in a molten salt bath. One of the major problems 
appeared to be heavy contamination of the product with UOS due to oxygen or 
water vapor contamination in the melt. 

In order to ascertain the source of contamination, experiments 
were performed to evaluate the effects of several variables , including salt 
bath composition, drying procedure, and bubbler-tube mater ia l . Table XX 
summarizes the experimental resul ts . It is evident under "dry" conditions, 
i.e., when either HCl drying or a fluoride salt bath was used, no product 
was obtained. On the other hand, under "wet" conditions, a product consist­
ing of a mixture of UO2 and UOS was obtained. 

Allbutt and Junkison recently described attempts to prepare US 
from a NaCl-KCl bath by this method.^ With good drying conditions they 
were able to obtain a product consisting of 95% PUS2 and 5% UOS. Under no 
conditions did they obtain US, and they suggested that Yoshioka may have 
confused UO2 with US in the interpretation of his X-ray resul ts . 

^Yoshioka, K., U. S. Patent No. 3119653, January 28, 1964 

Allbutt, M., and Junkison, A R,, The Preparat ion and Proper t ies of 
Uranium Monosulphide and Uranium Monophosphide. (Preprint of 
paper presented at Libby-Cockcroft Meeting, Hanford, May 1964.) 
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Table XX. Results of Attempts to Prepare US by Reaction of UF4 in Fused Salt Media 

Run 
No. 

US-2 

US-3 

US-4 

US-5 

US-7 

US-8 

US-9 

US-10 

Salt Charge 

WgLiCI-KCIeulectic; 
10 g UF4 

90 gLiCI-KCI eutectic; 
10 g UFd 

90 gLiCI-KCI eutectic; 
10 g UFj 

25gLiF; 
ZiqtHf: 
50gUF4 

25gLiF; 
?5gNaF: 
50gUF4 

90 gUCI-KCI eutectic; 
10 g UF4 

90 gUCI-KCI eutectic; 
10 g UF4 

909LiCI-KCI eutectic: 
10gUF4 

Reaction Temperature, 

aso 

500 

530 

700 

750 

570 

570 

570 

Reaction Time, 
hr 

2 

3 

4 

2.2 

2.5 

3 

3 

3 

Bubbler-lube 
Material 

Alumina 

Alumina 

Alumina 

Alumina 

Alumina 

Nickel 

Graphite 

Graphite 

Drying Conditions 

No Drying 

No Drying 

65-hr vacuum dryal400°C. 
lce-CaCl2 cold trap. 

16-hr vacuum dry alSOCC. 
Dry ice-acetone cold trap. 

18-hr vacuum dry at 3WC. 

22-hr vacuum dry at 20O'C. 
1-hr HCl bubble at 570''C. 

36-hr vacuum dry at 400°C. 
1-hr HCl bubble al 570''C, 

No Drying 

Results 

Very slight yield. X-ray pattern 
showed chiefly UO?. 

Substantial yield • mixture of 
U02 and UOS. 

Good yield - mixture of UO2 and 
UOS 

No visible product. 

No visible product. 

No visible product. Nickel tube 
attacked. 

No visible product. 

Good yield of black product. 

Although Yoshioka used a NaCl-KCl salt mixture instead of 
LiCl-KCl, the X-ray patterns of his product were identical with ours except 
for the presence of some additional lines. The X-ray patterns of UO2 and US 
are practically identical, and only differ significantly in the back-reflection 
region. A careful examination of this region on Yoshioka's and our X-ray 
photographs showed no lines that could be uniquely associated with US. 

In both Yoshioka's and our experiments, attempts were made to 
evaluate the US content of the product from its solubility in hot 10% H2SO4. 
It has been reported that US is soluble in such a solution whereas UOS and 
UO2 are not. This test showed an apparent US content of 49% in Yoshioka's 
product, and about 25% in ours . However, experiments showed that UO2 has 
some solubility in hot H2SO4. In addition, PUS2 is soluble in dilute mineral 
acids.^ For these reasons , it seems doubtful that this test can be used as a 
reliable indication of the presence of US. 

In view of the contamination problems involved and uncertainties 
regarding the product composition, attempts to prepare US by the method 
will be discontinued. The apparatus is presently being modified for experi­
ments on the preparation of US by electrolysis . 

c. Proper t ies of (Th,U) Phosphides. The relative stability of UP 
and the fact that thorium phosphide exhibits a melting point of about 3000°C 
arouse interes t in the possibility of using actinide phosphides as fuel and/or 
breeding mater ia ls in reac tors at very high temperatures . Before the phos­
phides of uranium and thorium can be evaluated for reactor use a great deal 
of information on the charac ter is t ics of uranium phosphide, thorium phos­
phide and thorium-uranium phosphide must be obtained. A program has 
therefore been initiated to supplement the little data now available. The high 
tempera ture stability, stoichiometry and fabricability character is t ics are 
among the subjects warranting investigation. 

7 Dell R. M., and Allbutt, M., The Nitrides and Sulphides of Uranium, 
"•..•.;:;'um and Plutonium, AERE-R 4253 (1963). 
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The results of research this month show that thorium phosphide 
(ThPj-x) is slightly more resis tant to oxidation than UP, and prel iminary re ­
sults appear to indicate that ThPi_x-UP solid solutions show intermediate 
oxidation behavior. In addition, densification of UP pellets occurs at a mod­
erate pace with continued heating at 2000°C in vacuum, but grain growth is 
relatively rapid. 

Differential thermal analysis (DTA) studies have been carr ied 
out with ThPj.x and ThPi_x-UP solid solutions. These experiments , in 
which flowing oxygen was used, appear to indicate grea ter res is tance to oxi­
dation for ThPj.x in comparison with UP. The DTA thermogram for ThPi_x 
is characterized by a small peak at 560°C, a major one at 650°C, and a 
moderate peak at 740°C. The major peak, which probably represen t s oxida­
tion of the coarser portions of the powdered sample, is about lOO'̂ C higher 
than the corresponding major peak for oxidation of UP. This is interesting 
in view of the fact the UP is considerably more res is tant to moist a i r than 
ThPi_x. A similar situation has been noted in the case of UC, which is more 
susceptible to attack by moisture than are UN or US, but which under similar 
conditions, exhibits a DTA exotherm at a somewhat higher tempera ture than 
either UN or US. 

X-ray diffraction analysis of the DTA residues of T h P j . ^ only 
showed Th02. No trace of a thorium phosphate compound was observed, in 
contrast with the situation with UP. The occurrence of an amorphous 
Th02-P205 phase is suspected in the light of TGA ( thermalgravimetr ic 
analysis) evidence, which showed little or no loss of P2O5 on heating to 900°C. 
It is unlikely that pure P2O5 would survive such heating in flowing oxygen un­
less it were bonded in some manner to the thorium oxide, which would reduce 
its volatility. 

A sample of 75 ThPi .x-25 UP, fired in the DTA apparatus, 
showed a moderately strong exothermic peak at 560°C and a major peak at 
650°C. The relative strengthening of the peak at 560°C is believed to be due 
to the contribution of the UP component. 

Pellets of UP were fired at 2000°C in vacuum for different times, 
but all had an identical firing schedule up to that t empera ture . Densification 
data are given in Table XXI and show only moderate density changes with in­
creased soaking time at 2000°C. Grain growth, however, was significant. 
Grain size was about four t imes la rger in the sample fired for 3 00 min as 
compared with that fired for 5 min. Considerable coalescence of pores also 
took place with additional heating. 

Table XXI. Effect of Firing Time on the Density of UP Pel le ts 

Time at 2000°C, min 5 20 60 300 

Density, % of Theoretical 90.7 93.1 93.6 9 5 5 
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d. Anelasticity of Ceramic Compounds. In conjunction with a pro­
gram for the thorough study of the propert ies of uranium ceramics , the 
anelasticity of ceramic compounds is being studied. Uranium dioxide has 
been selected as the first base mater ia l for the investigation. Last month 
a study was started on the effects of NbjOs and of Ti02 on the density and 
grain size of UO2, when sintered at a temperature in the range from 1450°C 
to 1750°C, by minor additions of Nb205 and of Ti02, respectively. Work on 
the pa ramete r s mentioned has now been completed. A comparison of Fig­
ures 18 and 19 with Figure 20 shows a paral lel effect of minor additions on 
the density and on the grain size. 

a: — 

SINTERED AT I750°C FOR 1 HOURS 

A A SINTERED AT leSO'C FOR 4 HOURS 

C o SINTERED AT I550°C FOR 4 HOURS 
D -a SINTERED AT I450°C FOR 4 HOURS 

J I [ \ \ \ \ I \ \ \ \ I \ L _ 
0.5 1,0 1.5 

PERCENT BY WEIGHT NbgOg 

J \ L 

Figure 18. Effect of Nb205 and Sintering Temperature on the Density of UO2 

Figure 19 

Effect of Ti02 and 
Sintering Temperature 
on the Density of UO2 

PERCENT BY WEIGHT TlOg 
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Figure 20. Effect of Minor Additions and Sinteting Temperature on the Grain Size of U02 

The r ad ia l d i s t r i bu t ion of the " d i a m e t e r " a v e r a g e g r a i n s i ze* 
is shown in F i g u r e 21 . The bodies with m a x i m u m dens i ty and g r a i n d i a m ­
e te r were , r e spec t i ve ly , those with an addi t ion of about 0.4 and 0 6 w / o N b , 0 
and s in t e r ed at 1750°C; but fu r the r add i t ions of Nb205 at tha t t e m p e r a t u r e ' 
r e su l t ed m the p r e s e n c e of a l iquid p h a s e and m a s h a r p d e c r e a s e in dens i ty 
Addit ions of T1O2 in bodies s i n t e r e d a t 1750°C and a t 1650°C of 0 1 and 
0.2 w/o produced s i m i l a r m a x i m a in the dens i t y and g r a i n d i a m e t e r 
r e spec t ive ly . ' 

Figure 21 

Sketch Showing the Variation of "Diameter" 
Average Grain Size in Microns in a Cross 
Section of a Pellet with 0.2% Nb205 and 
Sintered at 1650°C 

' HiUi 

M..i"p.o,.e.. l l m f ^ ^ ^ ^ l ^ ^ ^ i J i l i H i l ^ ^ 

http://TIME.hr
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Titanium dioxide, for amounts of 0.3 w/o and less , produced a 
l a rger increase in grain size than did Nb205. Intergranular cracking oc­
curred in most of the Ti02-bearing samples . Since inclusions, which were 
observed in severa l samples, were attributed to nonuniform dispersion of 
the minor addition, a more elaborate mixing technique was tr ied. It resulted 
in a higher density, larger grains , and fewer, more uniformly dispersed 
inclusions. 

Some of the equipment for preparing samples and for measuring 
the elastic modulus and internal friction is on order , while some is now be­
ing assembled and tested. 

2. Corrosion by Liquid Metals 

a. Studies with Sodium. Polarizat ion behavior of zirconium in liquid 
sodium at lower t empera tu res than previously employed has been studied. 
One end of an unalloyed zirconium rod sample having a hemispherical tip 
was precorroded for 3.5 days at 540°C in highly oxygenated sodium, without 
imposed current . A portion of the f i lm-covered region was then polarized 
anodically at ImA/cm^ in the same sodium at 3 00°C. The cell voltage was 
observed to r i se gradually from 8 mV (Sample +) to 900 mV, indicating sub­
stantial film res i s tance , enhanced perhaps by the polarizing current . The 
potential re turned to near the original value when polarization was inter­
rupted. With cathodic polarization at 1 mA/cm^, the cell voltage became 
only slightly negative, then decayed to near the unpolarized value. The be­
havior suggested the creat ion of an e lect r ical short through the film by 
cathodic current . This resul t at 300°C was s imilar to that obtained in a 
previous attempt to polarize cathodically at 540°G. The suspected film 
damage was verified by subsequent res is tance measurement with anodic 
current . Gradual repa i r of the film res is tance was monitored, if not p ro­
moted, by anodic polarization. 

The foregoing resul ts appear to favor the existence of a reduc­
tion step by sodium, as opposed to complexing of Zr02 by Na20. However, 
al ternative p rocesses , e.g., physical damage due to discharge of impurity 
hydrogen, remain to be evaluated. 

b. Stripping of Zirconium Corrosion Product. Substantial loss of 
zirconium corros ion product in the oxygenated sodium environment at 650°C 
introduces uncertainty in the value of the amount of sample metal corroded. 
Generally, removal of the corros ion product remaining after test permi ts 
evaluation of this essent ia l quantity, but no acceptable stripping technique 
for stripping the film from the metal is known for zirconium. Since deter ­
mination of the effect of polarization on corrosion rate requires the rate to 
be known, various methods of stripping are being investigated. 
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Methods under consideration include i) chemical reduction, 
ii) cathodic reduction, and iii) metal dissolution. 

i) Chemical reduction in sodium vapor at 650°C was attempted. 
In some instances the texture of the surface was greatly altered, and elec­
trical conduction between surface probes was enhanced after the exposure; 
but slight weight gains, rather than losses, occurred. Chemical reduction 
in liquid magnesium or magnesium vapor in the 700°C range resulted in 
some sample weight loss. However, the rate of stripping was low, and an 
increasedtemperature promoted undesirable reaction of magnesium with 
zirconium metal as well as oxygen dissolution by zirconium. 

ii) Cathodic reduction in a mercury-vapor glow discharge is 
being attempted. 

iii) Chemical dissolution of sample metal (leaving the film to 
be weighed) is a technique that has been developed to a degree by other 
workers, primarily to study the film. Since a sample is consumed for each 
datum point, the method is unattractive when the supply of corroded samples 
is limited. However, if cathodic reduction resul ts are unsatisfactory, the 
dissolution method will be investigated. 

c. Dissolution Kinetics in Liquid Metals. The investigation of the 
dissolution kinetics of Type 304 stainless steel in Bi-42 w/o Sn eutectic alloy 
(see Progress Report for April 1964, ANL-6885, p. 44) has continued. 

The dissolution data obtained at 450°C and 650°C indicated that 
the relative concentrations of Fe, Cr, Ni, and Mn in the Bi-Sn eutectic alloy 
were still changing at t imes up to 80 hr. In order to obtain equilibrium 
solubility data, another apparatus was used to equilibrate the 304 SS samples 
with the eutectic alloy for periods up to 500 hr at 450, 650, and 860°C. The 
Bi-Sn samples obtained at the end of 500 hr have been submitted for spectro­
chemical analysis. 

The initial data for 650°C also showed that the concentrations of 
iron, chromium, and nickel in the bath were below the l imits of detectability 
« 0.003 w/o for iron, and < 0.0005 w/o for chromium and nickel) for the first 
6 hr of the dissolution run. Consequently, the investigation of the effect of 
rotational speed of the disc on the dissolution rate was car r ied out at 860'^C, 
at which the concentrations of all of the elements could be determined at 
times greater than 0.5 hr. At the higher temperature , dissolution runs have 
been made at rotational speeds of 2, 10, 30, 100, and 150 rpm for t imes up 
to 150 hr. The range from 2 to 150 rpm defines the region of laminar flow 
m the vicinity of the disc and covers a range of Reynolds numbers from 
1.32 X 10 to 1 X 10^. The Reynolds number for the rotating disc geometry 
is defined as 

Re = W R V Y , 
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where R is the radius of the disc, cm; W is the angular velocity of the disc, 
r ad ians / sec ; and Y is the kinematic viscosity of the Bi-Sn eutectic alloy at 
860°C. 

A 4.5-fold increase in the dissolution rate was observed when the 
rotational speed of the disc was increased from 2.0 to 150 rpm. The data ob­
tained from the runs at 1 0 and 100 rpm indicate that there may be a transition 
from a liquid diffusion-controlled dissolution process to a surface-controlled 
process in the vicinity of 30 rpm (Re = 2.0 x 10^). The spectrochemical anal­
ysis data for the run at 30 rpm have not been obtained to confirm this point. 
Correlat ion of the data obtained in this study with the convective diffusion 
model for the dissolution of rotating discs will have to await the completion 
of the chemical analysis of the solubility samples and an additional dissolution 
run in the vicinity of 30 rpm. 

3. Thorium and Thorium-base Fuels 

a. Potential Importance and Problems. Although the use of thorium 
in h igh- tempera ture fuels for fast breeder reac tors is in a stage of develop­
ment that is beset with problems, the solution of these problems may be the 
key to the production of low-cost nuclear power. When, for example, 
thorium-232 is used in the core-blanket region of a reactor , a well-known 
ser ies of nuclear react ions leads to the production of substantial amounts of 
uranium-233, a fissile mater ia l . This valuable nuclear fuel is pr imar i ly a 
beta-decay product of protact inium-233, which is a beta-decay product of 
thorium-233, which is a product of a neutron-gamma (n,7 ) reaction with the 
original thorium. Although these nuclear reactions compose the principal 
chain, there a re numerous side reac t ions . " These include the (n, 7) conver­
sion of some of the protact inium-233 to protactinium-234, and of some of 
the thorium-233 to thorium-234 (which in turn forms protactinium-234 by 
beta decay); and side react ions involving the original thorium-232 include 
both alpha decay and an (n,2n) reaction. The lat ter reaction, although of 
small c ross section, leads to the ultimate formation of high-energy gamma 
emi t te rs that often cannot be ignored. 

Although the physics, technology of handling, and metallurgy in­
volved in the development of thor ium-base fuel alloys a re complicated by 
the existence of the side react ions , thorium is a mate r ia l of outstanding 
promise for use in fuel alloys for power production. Not only is thorium the 
most abundant potential source of fuel but - quite aside from its breeder 
potentiali t ies - thorium shows promise of being a useful and economical 
base for alloying with uranium and plutonium to form a stable, compatible, 
h igh- tempera ture fuel. 

8 For example, see Wilkinson, W. D., Uranium Metallurgy, Vol. I, 
J. Wiley and Sons (1962), pp. 528 and 686. 
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The study of the ternary thorium-uranium-plutonium alloys was 
therefore undertaken to determine the usefulness of these alloys as a nuclear 
reactor fuel from a metallurgical point of view. The study comprises two 
programs. One is concerned with the s tructure of these alloys, the phase 
diagram, transformation kinetics, heat treatment; the other with the engi­
neering propert ies. A portion of the phase diagram, (see P r o g r e s s Report 
for January 1964, ANL-6840, pp. 61-63) casting proper t ies , and density data 
have been reported. Significant progress has since been made in developing 
a fabrication method of rolling and swaging an alloy containing 70 w/o Th and 
30 w/o Pu, and in measuring its thermal expansion and e lect r ical resistivity. 

b. Fabrication of Th-30 w/o Pu. A 40-g a rc -mel ted ingot of 
Th-30 w/o Pu was cold rolled to an oval of 8.4 x 9.7 mm by a reduction of 
about 25%, followed by a heat treatment in vacuum for one hour at 700°C. The 
ingot was then cold swaged to a round rod of 4.2 mm diameter . The total 
cold reduction by swaging was 78%. A second heat t reatment for one hour at 
700°C was followed by an additional cold swaging reduction by 49% to a rod of 
3-mm diameter. 

No difficulties of any kind were encountered during rolling or 
swaging. The final rods had a good surface. There was no evidence of 
cracking. Rolling and swaging appeared to be well suited for the fabrication 
of this alloy. 

c. Propert ies of Thorium-Plutonium Alloys 

(i) Dilatometric Behavior. A specimen of 3-mm diameter and 
30-mm length was cut from the rolled and swaged rod of 70 w/o Th and 
30 w/o Pu alloy, and its thermal expansion charac te r i s t i cs were measured 
m a vertical vacuum quartz dilatometer. Heating and cooling was at the rate 
of l°C/min. A very slight break, possibly due to a precipitation or dissolu­
tion of a second phase in the thorium matrix, occurred near 300°C. The 
mean coefficient of expansion over the tempera ture ranges from 25 to 300°C 
and from 25 to 900°C were 11.4 x lO"'' and 12.1 x 10 - ' °C- ' , respectively. 
The eutectoid decomposition of the thorium beta phase to alpha thorium and 
the compound Pu,3Th6 or Pu2Th near 600°C was not reflected in the dilato­
metric curves. A very strong break, however, was observed in three curves 
at 932°C on heating, at 937=0 on cooling, and at 947°C also on cooling. This 
break may be attributed to the Th^ + Thp- -Thp reaction if the beta phase 
should indeed occur at low tempera tures , as was reported in P r o g r e s s Report 
for January 1964, ANL-6840, pp. 61-63. 

, (ii) Electr ical Resistivity. The e lect r ical res is t iv i ty of the 
Th-30 w/o Pu alloy as a function of tempera ture was measured by means 
of a Kelvin bridge on a specimen 4 cm in length and 0.3 cm in diameter . 
Here an attempt was made to obtain equilibrium values by making each 
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Figure 
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D . O t h e r R e a c t o r F u e l s a n d M a t e r i a l s D e v e l o p m e n t 

1. N o n d e s t r u c t i v e T e s t i n g 

a . C o r r e l a t i o n of H e a t T r a n s f e r a n d B o n d Q u a l i t y . F o l l o w i n g t h e 

c o m p l e t i o n of u l t r a s o n i c t e s t s o n c o p p e r b r a z e - b o n d e d s p e c i m e n s ( s e e 

P r o g r e s s R e p o r t f o r J u n e 1 9 6 4 , A N L - 6 9 1 2 , p . 6 8 ) , s t u d i e s on t h e c o r r e l a t i o n 

of t h e s o u n d - t r a n s m i s s i o n p r o p e r t i e s , h e a t - t r a n s f e r p r o p e r t i e s , a n d b o n d 

s t r e n g t h a r e b e i n g e x t e n d e d t o r o l l e d b o n d s . T h e s p e c i m e n s c o n s i s t of s e c ­

t i o n s of a B O R A X f u e l a s s e m b l y t h a t s h o w e d s u s p e c t a r e a s w h e n t e s t e d w i t h 

t h e u l t r a s o n i c i m a g i n g s y s t e m ; s t a n d a r d s w e r e m a d e f r o m a r e a s t h a t i n d i ­

c a t e d a g o o d b o n d . [ T h e B O R A X f u e l p l a t e h a s c l a d d i n g of T y p e 3 0 4 s t a i n l e s s 

s t e e l ( 3 0 4 SS) a n d a c o r e of UO2 d i s p e r s e d i n 3 0 4 S S . ] 

T e s t s w i l l b e m a d e w i t h b o t h b o n d e d i n t e r f a c e s of t h e f u e l p l a t e . 

A l t h o u g h i t i s p o s s i b l e t o c u t off t h e c l a d d i n g a n d m a t e r i a l i n t h e r e g i o n of 

t h e b o n d o n o n e s i d e of t h e s p e c i m e n , t h i s o p e r a t i o n w o u l d r e d u c e t h e t h i c k ­

n e s s of t h e s p e c i m e n t o t h e p o i n t w h e r e o n e of t h e c o n d i t i o n s of t h e f l a s h 

m e t h o d , ( i . e . , t h e p u l s e d u r a t i o n m u s t b e s h o r t i n c o m p a r i s o n t o t h e t i m e i t 

t a k e s t h e h e a t t o t r a v e l t h r o u g h t h e s p e c i m e n ) w o u l d p r o b a b l y n o t b e m e t . 
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The system has been recal ibrated with the use of copper and 
aluminum (1100) standards, and the amount of heat falling on the front surface 
of the specimen in one pulse is 0.43 5 cal/cm^. Measurements of the thermal 
diffusivity (a) and conductivity (K) of 304 SS and of a BORAX standard are 
given in Table XXII. 

Table XXII. The Thermal Diffusivity and the Thermal 
Conductivity of 304 SS and of a Standard 
Section of a BORAX Fuel Assembly 

a.(cm^/sec) K( ca l -cm/sec-cm^-°C) 

304 SS 0.033 0.0393 
BORAX Standard 0.0289 0.0335 

b. Ultrasonic Imaging. Metallographic studies of flat, stainless 
steel-clad fuel specimens subjected to comparison ultrasonic imaging, 
mechanical-scan-ultrasonic, and radiographic tes ts have been completed. 
Defects discovered by both ultrasonic systems varied from complete non-
bond areas (blisters), part ial bond a reas as confirmed by metallography, 
to suspect a reas in which successful metallographic tes ts were not obtained. 
The latter are believed to have indicated an ultrasonic response because of 
large particle concentrations. 

c. Infrared Imaging. Response charac te r i s t i cs of the infrared 
vidicon system have been studied from the threshold object temperature of 
about 180°C to 450°C. From the slope of the system response (kinescope 
brightness) versus object temperature curve and a knowledge of the smallest 
change in kinescope brightness that is visually detectable, the smal les t 
change in object temperature that can be observed with the infrared televi­
sion system can be calculated at any given tempera ture . These data show 
reasonable agreement with experimental observations of AT, part icularly 
for object temperatures above 250°C, where the slope of the response curve 
is probably more rel iable. Typical changes in object t empera ture observ­
able were 10°C at an object temperature of 200°C, 4°C for an object at 300°C, 
and 3°C or less for objects 3 50°C or hotter. 

•i- Electromagnetic Testing with Pulsed Fields . Pulsed e lect ro­
magnetic test equipment has been used exclusively for about two years for 
those applications requiring the use of an electromagnetic method. Suffi­
cient experience has been acquired to evaluate the advantages and disadvan­
tages of this equipment as compared with commercia l eddy-current equipment, 
and also with equipment based on the ul trasonic method. At the same time, 
improvements have been made that have in some measure reduced or have 
completely eliminated some of the disadvantages as they become evident. 
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One of the most successful applications of pulsed electromagnetic 
test equipment has been in the inspection of the 304 SS jacket tubing, 
3.96-mm ID x 0.229-rnm wall, which is to be used for jacketing the fuel ele­
ments produced in the EBR-II Fuel Cycle Facility when it begins operation. 
Over 18,700 m of this tubing have been inspected with this equipment to a 
10% defect level, that is , any localized reduction in wall thickness of over 
10% for any reason is cause for rejection. Correlation has been generally 
excellent considering the variety of defect types encountered, especially 
since the installation of new pulsed equipment provided with an encircling 
mask-ape r tu re assembly in mid-1963. 

In this application the pulsed electromagnetic test equipment has 
been as equal in sensitivity and reliability as equipment based on the use of 
ul t rasonics . The inspection speed of 3.7 m/min was considerably higher 
than could have been obtained by an ultrasonic method of equivalent capability, 
and this inspection speed could easily have been increased by a factor of 2-4 
if the t ime required for handling and marking the tubes would have justified 
such an increase . 

Pulsed electromagnetic test equipment with point-type mask-
aper ture assembl ies has been used for numerous tubing test applications 
on a very wide range of mater ia l s of up to 0.70-mn:i wall thickness. With 
mater ia l s of relat ively good conductivity, or thicker walls, however, this 
equipment operates at an increased disadvantage compared with ultrasonic 
equipment, but has been used successfully to test 304 SS tubing of 0.0508-mm 
wall thickness and a niobium-tungsten-zirconium alloy (D-43) of 0.483-mm 
wall thickness. In these applications a 0.0508-mm long, 10% Elox notch on 
the inner surface served as a standard, and the noise and interference gen­
erated by the tube was less than 20% of the standard signal. In some appli­
cations, though, interference has been a very serious problem. Zircaloy-2 
tubing has been par t icular ly t roublesome, usually because of localized 
concentrations of hydrides . This interference can often be eliminated by 
longitudinal scanning instead of spiral scanning, but a new interference 
problem may a r i se with tubing containing heavy tube reducer marks . The 
recent development of two-aper ture , point-type mask-aper tu re assembl ies 
has reduced interference problems in general . These devices are provided 
with two ape r tu re s about 1.5 mm apar t instead of the single aper ture of 
ea r l i e r a s sembl ie s . Fields of identical amplitude but opposite polarity issue 
from each of the ape r tu res so that those conditions that occur under each 
aper ture simultaneously do not appear in the pulse generated ac ross the 
pickup. Pulse sampling in the time domain is used as with the older mask-
aper ture a s sembl i e s . Other improvements have already suggested 
themselves . 
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E. R e m o t e Con t ro l E n g i n e e r i n g D e v e l o p m e n t 

1. Viewing S y s t e m s 

E l e c t r o n i r r a d i a t i o n s at 10 MeV of s m a l l s a m p l e s of sh ie ld ing window 
g l a s s e s have been cont inued to d e t e r m i n e the effect of c h a n g e s in g l a s s c o m ­
posi t ion on the suscep t ib i l i t y of the g l a s s to f r a c t u r e by e l e c t r i c a l d i s c h a r g e . 
The r a t e of d i s s i pa t i on of in jec ted e l e c t r o n s a f t e r i r r a d i a t i o n h a s cont inued 
to be a r e p r o d u c i b l e p a r a m e t e r . The c h a r g e r e m a i n i n g in a s a m p l e is d e ­
s t ruc t ive ly m e a s u r e d by caus ing an e l e c t r i c a l d i s c h a r g e by i m p a c t . The 
e l e c t r i c c h a r g e d i s s i p a t i o n r a t e s have been shown to i n c r e a s e for g l a s s e s of 
d e c r e a s i n g r e s i s t i v i t y , but not in a d i r e c t l y p r o p o r t i o n a l m a n n e r . The ex ­
p o s u r e of e l e c t r o n - i r r a d i a t e d s a m p l e s to g a m m a r a d i a t i o n (10 R in 20 h r ) 
did not have a p ronounced effect on the c h a r g e d i s s i p a t i o n r a t e . 

A study has been s t a r t e d to d e t e r m i n e the effect of m e l t i n g t i m e and 
t e m p e r a t u r e on the vo la t i l i za t ion of P b O f r o m s m a l l e x p e r i m e n t a l m e l t s . 
T h r e e h o u r s a t 1500°C r e d u c e d the spec i f ic g r a v i t y of a 3 . 3 - g / c m ' l ead 
s i l i ca te g l a s s by about 4 p e r c e n t . 

2. E l e c t r i c M a s t e r - S l a v e Man ipu la to r M a r k E 4 

The t r a n s i s t o r s for the m o d u l a t o r po r t i on of the s e r v o a m p l i f i e r s 
w e r e se l ec ted for s y m m e t r i c a l l imi t ing and g r o u p e d . A s a m p l e a u t o t r a n s -
f o r m e r , for use in changing force r a t i o s be tween the m a s t e r and s lave a r m s , 
was r ece ived and t e s t ed . The four s m a l l s u b a s s e m b l i e s for the s e r v o a m p l i ­
f i e r s have been a s s e m b l e d and w i r ed . Mos t of the w i r ing h a r n e s s e s for the 
amp l i f i e r s have been c o m p l e t e d . T h i r t y - t w o g e a r b o x c a s e s a r e n e a r i n g 
complet ion in mach in ing - half of t h e s e a r e for the s l ave a r m s and half for 
the m a s t e r a r m s . 

3. Specia l Mo to r s for M a s t e r - S l a v e M a n i p u l a t o r s 

A spec ia l des ign of an a l u m i n u m c u p - r o t o r t w o - p h a s e s e r v o m o t o r 
was t e s t ed under s t a l l ed condi t ions th is month . The m o t o r i s d e s i g n e d to 
power a future s lave a r m which has a m a x i m u m load capac i t y of f rom 50 to 
poss ib ly 150 lb. It has spec i a l p a s s a g e w a y s for the flow of cool ing a i r . 
C las s H insu la t ion is u sed . The m o t o r was t e s t e d for t h r e e d i f fe ren t s ta l led 
t o rques equivalent to m a n i p u l a t o r s l ave a r m s having 50- , 100- , and 150-lb 
capac i t i e s . Some of the s t a l l ed c h a r a c t e r i s t i c s a r e given in Tab le XXIII. 

The i ne r t i a r e f e r r e d to X, Y, and Z m o t i o n s was c o m p u t e d on the 
b a s i s that the e x t r e m i t y of the a r m would t r a v e l a t 3 f t / s e c when the m o t o r 
is running a t i t s synchronous speed of 1800 r p m . The s t a l l e d p e r f o r m a n c e 
of the m o t o r is somewha t b e t t e r than the o r i g i n a l c a l c u l a t i o n s i nd i ca t ed . 
More r e c e n t ca l cu l a t i ons b a s e d on the a c t u a l winding d i s t r i b u t i o n i n s t e a d of 
the o r ig ina l s i n e - w a v e a s s u m p t i o n s gave a c l o s e r a g r e e m e n t b e t w e e n the 
ca lcu la ted p e r f o r m a n c e and the m e a s u r e d p e r f o r m a n c e . 
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Table XXIII. Stalled Characteristics of Cup-rotor Motor 

Manipulator Rating, lb 
Inertia of Rotor (Ib-in.^) 
Inertia referred to X. Y, and Z motions (lb) 
Torque, Ib-in. 
Theoretical max angular acceleration (rad/sec^) 
Cooling air 

Head. in. of water 
Flow rate, cfm 

Tennperature rise over inlet air, °C 
Cup 
Winding 
Exhaust air 

Phase voltage, V 
Phase current, Amp 
Total power input, W 
Power factor, percent 

50 

O.IZ 
3.3 

9.55 
0,000 

0.4 
16.3 

68.5 
25.5 
26.5 

111.5 
1.72 
258 

67.5 

100 
0.12 

3.3 
19.1 

60,000 

0.5 
17.3 

127 
58 
55 

171.3 
2.55 
560 

64.0 

150 
0.12 

3.3 
29.6 

90,000 

0.5 
16.5 

176 
100 

93 
222.5 

3.52 
892 

57.0 

F i g u r e 23 shows the i d e a l i z e d t o r q u e l ine , tha t i s , s t a l l ed t o rque x 
s y n c h r o n o u s s p e e d x a c o n s t a n t , and is the i n h e r e n t m i n i m u m r o t o r l o s s in 
a s t a l l e d induc t ion m o t o r o p e r a t i n g a t c o n s t a n t f r equency . The winding l o s s 
(I R ) was c a l c u l a t e d f r o m the m e a s u r e d p h a s e c u r r e n t s and the m e a s u r e d 
dc winding r e s i s t a n c e a t o p e r a t i n g t e m p e r a t u r e s . The s t r a y l o s s i s the dif­
f e r e n c e be tween the to ta l input power and the s u m of the r o t o r and I^R l o s s e s . 
Some of the s t r a y l o s s e s a r e c a u s e d f r o m noncons t an t flux p a t t e r n s in a r e ­
volving field and l o s s e s in the i r o n . 
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Figure 23. Power vs. Torque under Stall Conditions for Cup-rotor Motor 
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The motor shows promise of being quite suitable for future mas te r -
slave manipulators. 

4. Higher-sensitivity Force-feedbackSystems for Master-Slave Manipulators 

Various methods are being studied for obtaining higher frequencies 
and more accurate static force fed from the tongs to the opera tor ' s handle. 
A significant amount of improvement can probably be achieved by increasing 
the stiffness of force-feedback systems similar to those used in the Mod 3 
and the Mark-E4 manipulators. The cup-rotor motor mentioned above could 
help in this direction. Other methods would probably use t ransducers near 
the tongs and handles along with others . 

Some test apparatus is being designed to measure some of the fre­
quencies and transients that the operator needs for reasonably good manipu­
lation of tools. 

F. Heat Engineering 

1. Two-phase Flow Studies 

a. Void Fraction - P r e s s u r e - d r o p Facility. This experimental 
facility is designed to investigate the two-phase flow charac te r i s t i cs of boil­
ing sodium; in particular, it is desired to obtain experimental information 
pertinent to the vapor volume fraction and two-phase frictional losses in an 
adiabatic test section. The loop is constructed of Type 316 stainless steel 
and is limited to shor t - te rm operation at approximately atmospheric p res ­
sure and about 1630°F. 

During the month, sodium has been circulating intermittently 
for approximately 100 hr at an average tempera ture of 600°F in order to in­
sure complete wetting of the flowmeters and the em pump. Simultaneously, 
heat loss has been calibrated and control techniques tested in preparation 
for operation at higher temperature . 

A temporary shutdown was caused by a short in one liquid-level 
probe; the probe was rebuilt and is now working satisfactorily. 

The condenser liquid-level probe has shown a severe zero drift 
due to the temperature sensitivity of the rect i f iers in the read-out circuit; 
a compensation circuit is being installed to cor rec t this difficulty. This pro­
cedure will not interfere with the present schedule and will provide the more 
accurate readings required for the boiling exper iments . 
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2. Boiling Liquid Metal Technology 

a. Niobium-1% Zirconium Loop Construction. Reworking of the 
cooling water lines on the vacuum chamber is continuing. The faulty tubes 
have been stripped from the bell jar , the surface has been prepared, and 
attachment of new tubing is approximately 25 percent complete. The operat­
ing and maintenance manuals a re being prepared, and the chamber is expected 
to be ready for testing in August. 

The additional engineering design required for the installation of 
e lect r ical service for the vacuum equipment was completed and a cost es t i ­
mate prepared. The cooling water supply and drain manifolds have also been 
completed. 

A calculated est imate of the rate of consumption of liquid nitrogen 
indicated that both the anticipated mode of operation of the liquid nitrogen 
baffle and the present concept for liquid nitrogen storage should be reviewed. 
Several ideas for reducing the consumption rate were found not to be ineffec­
tive or feasible. Consideration will be given to a plan to discontinue use of 
nitrogen when the loop is inoperative for extended periods and to bake the 
whole system under vacuum before resuming operation. 

Some pre l iminary design work has been accomplished for the 
radiating heat exchanger and the shutter controls. A l i terature review of 
the operation of bearings in a high-vacuum atmosphere for this and other 
designs is being pursued. 

b. Heater Exper iments . The thermal radiation-heated loop has been 
in operation since June 1, 1964, during which the thermal radiation heater has 
operated for 50 hr . Liquid metal t empera tures ranging up to 900°F and flow 
rates to 1 gpm have been obtained. Heat fluxes to a conservative 20,000 Btu/ 
hr-ft^ have been investigated. Data obtained from this experiment are being 
analyzed. 

During operation of the thermal radiation heater, thermal ex­
pansion of the inner radiation shield led to shorting out against the power 
leads at the top of the heater . The inner radiation shields a re being r e ­
placed by shor ter shields to eliminate this problem. 

Future loop operation will be concerned with extending the tem­
pera ture level and heat flux range to determine the ultimate capability of 
the thermal radiation heater and its feasibility for use in the 2100°F 
columbium-1% zirconium facility. 
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3. ANL-AMU Program 

Other heat engineering experiments, performed as part of a joint 
program (not supported by the Division of Reactor Development) between 
the Laboratory and the Associated Midwest Universit ies (AMU), are de­
scribed below: 

a. Two-phase Flow Character is t ics during the Complete Vapori­
zation of a Fluid. The assembly of the heated test section was completed. 
Difficulties occurred in sealing the optical windows in the test section. 
Several windows cracked during the loading of the bolts. A slight misalign­
ment in the inner heated section coupled with small chips in the edge of the 
glass were believed to be the cause of the failure. The edges of the windows 
have been reground and two units inserted at bolt p r e s s u r e s lower than 
calculated. 

A pressure check with Freon was attempted. Leakage occurred 
through the thermocouple lead adaptors. A different type of thermocouple 
adaptor has been selected, and reassembly of the thermocouple units is in 
process . 

The forced-circulation loop has been completed with the inclusion 
of a 2-in. pipe in lieu of the heated and unhealed test sections. A pressure 
check of the loop is to be carr ied out after several valve packings have been 
replaced. The centrifugal pump will be tested with Freon in the modified 
loop. Final assembly of the complete loop has been delayed due to a slow 
delivery of the inlet and outlet sections. In the interim, the heated test sec­
tion will be incorporated into the loop with a section of 2-in. pipe to check 
the unit under actual flow and heating conditions. 

Two protective devices a re to be employed in the test section 
operation: one is a rate detector for normal burnout operations, and the 
other a limit detector for the upper level of the wall t empera ture . The limit 
detector is to be employed during dry-wall tes ts in order that elevated wall 
temperatures may be sustained. Although these tempera tures a re elevated, 
they are expected to remain below the tolerance limit of the metal . 

^- Propagation of Void Waves in an Air -Water System. During the 
past year, an experimental project has been undertaken to investigate the 
propagation of void waves in a i r -water ver t ica l flow. The system is per ­
turbed with air through use of a controlled solenoid valve. An electr ical 
resistivity probe is being used to determine void fraction. 

Two prel iminary runs have established the reliability of the 
experimental procedure and permitted check of the computer program. The 
results were found to be independent of the playback speed of the probe 
signals. 
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c. Power- to-void Transfer Functions. The new thin-walled test 
section assembly has been installed in the Small Scale Loop, and the power 
oscil lator control unit and enlarged shunt (see P rog re s s Report for June 1964, 
ANL-6912, p. 75) have been tested to allow continuation of the experimental 
investigation of power-to-void t ransfer functions. 

In the actual assembly of the test section the back-up plates a re 
bolted direct ly to the end pieces. This construction minimizes mechanical 
s t r e s s e s due to thermal expansion on the ^ - i n . test section wall, and the 
tube itself is mounted under tension to further relieve mechanical s t r e s ses . 
This built-in s t r e s s was accomplished by electrically heating the test tube 
to expand it and cooling the back-up plates to allow thin str ips of insulation 
to be positioned and at the same time allow the back-up plates and end pieces 
to be aligned. 

The assembly has been hydrostatically tested at 750 psig, and 
instrumented for thermocouples and p re s su re taps. Ten thermocouples were 
positioned along the test section wall to measure wall t empera tures . Seven 
of these thermocouples a re electr ical ly isolated from the test tube wall by a 
1-mil mica sheet; the other three a re mounted directly on the wall under 
p r e s s u r e exerted by the back-up plates. Provision had been made to back up 
the tube on all four sides by employing a mica mat insulation (GE) which 
possesses high mechanical strength, as well as good dielectric and lô w 
thermal conductivity proper t ies . 

The whole assembly has been placed in the Small Scale Loop, 
void equipment has been realigned, power oscillator has been checked, and 
a test run made at 250 psig after a 450-psig hydrostatic test . Difficulty was 
experienced with the powerstat controlling the power supply and the relay in 
the low-flow power tr ip, but both of these difficulties have been corrected. 

Various values of the experimental pa ramete r s (flow rate, power, 
and p ressure ) have been substituted in the 704 digital computer program 
employing the Bankoff model'^ to theoretically find a set of conditions which 
predict a low-frequency notch in the power-to-void transfer function. The 
first experimental run will be made with the following loop pa ramete r s : 
300 psia p r e s su re , 6 gpm flow rate , and 10-kW pressure which has a theo­
re t ical notch at approximately 1 cps. 

d. Inception of Hydrodynamic Instability in a Natural-circulat ion 
Loop. The Armadil la loop was recently incorporated with another test facil­
ity for the experimental investigation of void fraction and p ressu re drop in 
two-phase flow. 

9 Bankoff, S. G., A Variable Density Single Fluid Model for Two-phase 
Flow with Par t icu la r Reference to Steam-Water Flow, J. Heat 
Transfer , ASME, Ser ies C, 82, 273 (i960). 
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Some data were obtained at 200 and at 600 psia for a range of 
inlet subcoolings (5-50°F). The heat balance from these tes ts indicated that 
the mass flow rate calculated from the p ressu re drop ac ross the venturi was 
far too high, possibly because the manometer connected ac ross the venturi 
reads mean pressure drop under oscillatory flow conditions, whereas the 
flow rate is proportional to the square root of the p r e s su re drop. To further 
ascertain this, two more thermocouples have been installed to measure the 
exit temperature of the cooling water from condenser and subcooler. 

G. Chemical Separations 

1. Fluidization and Volatility Separation P roces se s 

a. Recovery of Uranium from Low-enrichment Ceramic Fuels 

(i) Decladding of Stainless Steel-clad Fuel. The initial step in 
the fluid-bed fluoride volatility process , under development for low-
enrichment fuels, involves a decladding operation in which the fuel is sep­
arated from the metal clad. Two alternative methods a re being investigated 
for decladding stainless steel-clad uranium dioxide fuel: (l) the oxidative 
decladding by reaction of the UO2 pellets with oxygen to produce U30g, which 
forms as a very fine powder and readily separates from the cladding; and 
(2) the chemical destruction of the stainless steel cladding by high-
temperature reaction with oxygen in the presence of hydrogen fluoride. The 
oxidative decladding method involves pr ior broaching of the cladding or 
shearing of the fuel into short lengths. This method has been successfully 
demonstrated in tests using the two-zone oxidation-fluorination concept (see 
Progress Report for January 1964, ANL-6840, p. 73). 

Experimental work on the destructive oxidation of stainless 
steel has also been carr ied out at other AEC laborator ies : at Oak Ridge 
National LaboratoryiO the use of HF-O2 mixtures has been investigated, and 
at Brookhaven National Laboratory! 1 the effect of solid fluoride promoters 
has been studied. At Argonne the destructive oxidation of stainless steel by 
hydrogen fluoride-oxygen mixtures involves the oxidation of the cladding in 
a bed of alumina part icles fluidized by a gas s t ream of oxygen and hydrogen 
fluoride. 

Four tes ts were made, two in a pilot-plant (3-in. dia) reactor 
and^two in a bench-scale ( l y - i n . dia) reac tor . A 2-hr decladding test at 
550°C was performed in the 3- in . -diameter fluid-bed reactor with use of a 
reactive gas mixture containing 40 v /o hydrogen fluoride in oxygen. Sintered 
UO2 pellets containedwithina Type 304 stainless steel tube (0.020-in. wall 
thickness) were completely disintegrated and no t race of the original tubing 
was found in the bed mater ia l . In addition, oxidation ra tes of approximately 

iOOak Ridge National Laboratory, April 6, 1964 (Unpublished). 

Reynolds, J. H., (Ed.) P r o g r e s s Report Nuclear Engineering Depart­
ment May 1 - August 31, 1963, BNL-823, (D.... :" '"• ' 
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30 m i l s / h r w e r e o b s e r v e d for T y p e s 304 and 347 s t a i n l e s s s t e e l s p e c i m e n s 
which w e r e a l s o i n s e r t e d within the f lu id -bed r e a c t o r . In a t e s t a t 500°C, 
the ox ida t ion r a t e s ob ta ined w e r e too low ( a p p r o x i m a t e l y 1 m i l / h r ) to be of 
any p r a c t i c a l s i g n i f i c a n c e . 

In e x p l o r a t o r y t e s t s p e r f o r m e d in the l y - i n . - d i a r e a c t o r , 
the r a t e of ox ida t ion of a 304 s t a i n l e s s s t e e l r od was m a r k e d l y h i g h e r for 
the p o r t i o n of the rod i m m e r s e d in the f lu id ized bed than for the s ec t i on of 
rod e x p o s e d to the g a s p h a s e above the bed ( s ee F i g u r e 24). The r a t e of 
a t t a c k on Type 304 s t a i n l e s s s t e e l r od s p e c i m e n s at 550 and 600°C was 
a p p r o x i m a t e l y 3 0 m i l s / h r wi th in the bed . 

-FLUID-BED ZONE DISENGAGING ZONE - Figure 24 

Corrosion Rates at 550°C of Type 304 Stainless 
Steel Rod Immersed in a Fluid Bed 

Initial Dimensions: 

Initial Weight 
Final Weight: 
Run Time: 
Composition of Feed Gas: 

Fluidized-bed Material: 

1/2-in. dia and 
23 in. long 
583.9 g 
392.4 g 
3 hr 
40 v/o HF, 40 v/o 02 . 
20 v/o N2 
alumina 

ROD LENGTH, 

T h e s e r e s u l t s i nd i ca t e tha t the c h e m i c a l dec ladd ing t e c h ­
nique wi l l be d i r e c t l y a p p l i c a b l e to the f lu id -bed f luor ide vo la t i l i ty p r o c e s s , 
s ince both the d e s t r u c t i v e ox ida t ion of s t a i n l e s s s t e e l and the d i r e c t f l u o r i -
na t ion of u r a n i u m dioxide can be conduc ted in the s a m e v e s s e l . D e m o n s t r a ­
t ion of the p r o c e s s i s u n d e r way in the 3 - i n . - d i a p i l o t - s c a l e r e a c t o r with 
s i m u l a t e d fuel b u n d l e s con ta in ing UO2 p e l l e t s in s t a i n l e s s s t ee l t u b e s . 

(ii) E n g i n e e r i n g - s c a l e Alpha F a c i l i t y . An e n g i n e e r i n g - s c a l e 
a lpha fac i l i ty i s be ing i n s t a l l e d to p e r m i t d e m o n s t r a t i o n of the m a j o r s t e p s 
of a f l u id -bed f luor ide vo l a t i l i t y p r o c e s s for the r e c o v e r y of u r a n i u m and 
p l u t o n i u m f r o m c e r a m i c oxide fuels ( see P r o g r e s s R e p o r t for D e c e m ­
b e r 1963, A N L - 6 8 1 0 , p . 38). The m a j o r p r o c e s s i n g e q u i p m e n t will be in ­
s t a l l e d in the l a r g e r of the two a lpha boxes tha t c o m p r i s e the faci l i ty ; the 
s m a l l e r box wil l con ta in s c r u b b e r s and a u x i l i a r i e s . In i t ia l s t ud i e s will in ­
v e s t i g a t e the f l uo r ina t i on s t ep for p r o c e s s i n g b a t c h e s of u r a n i u m d i o x i d e -
p l u t o n i u m dioxide p e l l e t s to h e x a f l u o r i d e s and the c o n v e r s i o n s t ep for the 
p r e p a r a t i o n by the r e a c t i o n with s t e a m and h y d r o g e n of d e n s e m i x e d 
u r a n i u m - p l u t o n i u m oxide p a r t i c l e s f r o m m i x e d h e x a f l u o r i d e s ( see P r o g r e s s 
R e p o r t for June 1964, A N L - 6 9 1 2 , p . 79). 
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A ser ies of performance tests on the fluorination process 
scrubber located in the small alpha box has been completed. This scrubber 
serves two purposes: (1) to scrub both the process off-gas (~1 cfm) and 
the ventilation air (-600 cfm) coming from the large alpha box, and (2) to 
humidify this gas mixture to promote hydrolysis of contained hexafluorides 
(e.g., in the event of an accidental release) to a particulate form that is 
readily removed by high-efficiency AEC-type filters located downstream 
of the scrubber. This gas mixture is again scrubbed (in a larger ventilation-
air scrubber) and filtered before being discharged to the building stacks. 
Mechanical operation of the scrubber was satisfactory over the 150-hr test 
period. Calculated mass- t ransfe r coefficients in the humidifying of the air 
were in the range from 167 to 245 lb-moles/(hr)(atm). 

Shakedown testing of the fluorinator system has been started. 
The shakedown test involved a two-zone oxidation-fluorination of a 3-in.-
deep bed (2.2 kg) of uranium dioxide pellets. Control and operation of the 
fluorinator reactor during the run was satisfactory. Analysis of the run data 
is in progress . 

The installation of the 2-in.-dia fluid-bed converter-reactor 
(fabricated of Inconel) for the conversion of mixed hexafluorides to mixed 
oxides is underway. In-box installation work associated with the converter-
reactor is also in progress . The control panel for the converter reactor 
has been mounted, power brought into the panel, and electr ical and pneumatic 
run-outs from the panel to the alpha boxes have been completed. 

b. Recovery of Uranium from Highly Enriched Uranium-Alloy Fuels 
by Chlorination and Fluorination Steps 

(i) Pilot-plant Demonstration Runs. The first two runs with 
unirradiated uranium-alloy charges have been completed in the pilot-plant 
facility installed to demonstrate the recovery of uranium from highly en­
riched uranium-alloy fuels by means of the fluid-bed fluoride volatility 
process (see Progress Report for April 1964, ANL-6885, pp. 59-60). In 
Run 7 a uranium-Zircaloy alloy subassembly was processed and in Run 8 
a uranium-aluminum alloy subassembly was processed, the hydrochlorina-
tion, hydrofluorination, and fluorination steps being car r ied out. The UF(, 
product was collected on two sodium fluoride beds in se r ies . During the 
hydrochlorination step, the fluid-bed pyrohydrolysis reactor was operated 
simultaneously for converting the volatile zirconium tetrachloride or 
aluminum trichloride (each of which represen ts a waste s tream) to their 
respective solid oxides. 

The operating conditions for the two runs are shown in 
Table XXIV. In both runs, operational performance during the hydrochori-
nation and hydrofluorination steps was highly satisfactory. The fuel charges 
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were completely reacted in the hydrochlorination t imes indicated (10.9 and 
5.6 hr) . The hydrochlorination reaction ra tes and utilization efficiencies 
were ~30% lower than those achieved in runs nnade with subassemblies 
which did not contain uranium (see ANL-6885, p. 60). The lower, but still 
very satisfactory, reaction ra tes and utilization efficiencies may be due to 
the presence of uranium in the alloy. 

Table XXIV. Operating Conditions for Fluid-bed Fluoride Processing of Unirradiated, 
Uraniunn-Zircaloy and Uranium-Aluminum Fuel Subassemblies 

Inert Bed Material: 

Reactor (6-in. dia) 

Packed-bed Filter (9-in. dia) 

Pyrohydrolyser (6-in. dia) 

Alcoa T6l granular alumiina (28-100 mesh) 
Runs 7 and 8: 40 kg (48-in. static bed height) 

Alcoa T6l graniilar alumina (14-28 mesh) 
Run 7: 10 kg (5-in. bed height) 
Run 8: 15.5 kg (7-in. bed height) 

Run 7: Sand (Z5-45 mesh) 17.5 kg 
(24-in, bed height) 

Run 8: Norton Type 38 alundum (60 mesh) 
16.0 kg (24-in. bed height) 

Run Charge 

Alloy and Subassennbly Type 

Weight (kg) 
Number of plates (2.5 in. wide) 
Length (in.) 
Uranium (g) 

Run Numb 

7 

Zircaloy-
0.95% U; PWR 

19.6 
14 
48 

182 + 4 

e r 

8 

Aluminum-
4.5% U; ETR 

6.06 
19 
37 

273.6 

II. Hydrochlorination Step 

Reaction Rate (kg/hr): Avg 
Max 

Reaction Time (hr) 
Utilization Efficiency (%): Max 

Avg 

III. Temperatures (°C) 

A. Hydrochlorination Step 
Reactor bed: Avg 

Max 
Subassembly Channel:^ Avg 

Max 
Reactor wall 
Packed-bed filter 
Pyrohydrolyser bed 

B. Hydrofluorination Step {2 hr) 
Reactor bed and packed 

bed filter 

C. Fluorination Step 
Reactor bed and packed-bed 

filter 
0 to 2.0 hr 
2.0 to 4.0 hr 

1.8 
3.3 

10.9 
46 
24 

365 
380 
390 
450 
350 
360 
345 

1.1 
1.6 
5.6 

60 
40 

370 
395 
380 
425 
350 
295 
315 

250-500 
500 

250-500 
500'> 
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Table XXIV {Contd.) 

IV. Reactant Concentrations 

A. 

B. 

C. 

HCl (v/o in N2) 

HF {v/o in N2) 

Fj (v/o in N2) 
0 to 2.0 hr 
2.0 to 4.0 hr 

7 

90 

12 

6.0 
45 

0.52 

0.5 

-0.6 
-0,05 

Run Number 

8 

78 

8 

5.5 
40 

0.5' 

0.5 

-0.6 
-0.0 

V. Gas Velocity in Fluid-bed Reactor (ft/sec) 

A. Hydrochlorination Step 

B. Hydrofluorination Step 

C. Fluorination Step 
0 to 2.0 hr 
2.0 to 4.0 hr 

^Channels between plates of the subassemblies charged to the reactor. 
bAfter 3-l /2 hr of fluorination, a temperature excursion caused caking at the 

top surface of the packed-bed filter. 

In both r u n s , the m a j o r l o s s of u r a n i u m (~3% of the in i t ia l 
charge) was through the p a c k e d - b e d f i l t e r to the p y r o h y d r o l y s i s r e a c t o r 
dur ing the h y d r o c h l o r i n a t i o n s t ep . P r e l i m i n a r y r e s u l t s of a r e c e n t e x p e r i ­
ment showed that , dur ing h y d r o c h l o r i n a t i o n , l ower , a c c e p t a b l e u r a n i u m 
l o s s e s (<0.4% of the in i t i a l c h a r g e ) w e r e a c h i e v e d by i n c r e a s i n g the bed 
depth of the p a c k e d - b e d f i l te r f rom 5-7 in. to 10.3 in. The eff ic iency of 
the N a F beds for co l l ec t ing the UF^, p r o d u c t was g r e a t e r than 99%. 

Caking of the f i l te r bed ( f rom top of s u r f a c e of bed to ~ 1 in. 
below the sur face) o c c u r r e d dur ing the f luo r ina t ion s t ep of the r u n with the 
a l u m i n u m - u r a n i u m al loy s u b a s s e m b l y a s a r e s u l t of the s i n t e r i n g of p a r ­
t icula te so l ids that w e r e co l l ec t ed in the f i l t e r bed. T h e s e s o l i d s c o n s i s t e d 
of a lumina f ines , n icke l and i r o n f l u o r i d e s , and nonvo la t i l e u r a n i u m fluoride 
c a r r i e d over f rom the r e a c t o r . The a l u m i n a f ines could be d e r i v e d f rom 
both a t t r i t i on of the f lu id-bed m a t e r i a l and f r o m the oxide coa t ing on the 
a luminum alloy fuel. The f luor ina t ion r e a c t i o n of any of t h e s e so l ids might 
p roduce loca l hot spots which could r e s u l t in cak ing of the bed. E l im ina t i on 
of the caking p r o b l e m in the p a c k e d - b e d f i l t e r can p r o b a b l y be a c h i e v e d by 
e i the r applying a r e v e r s e - f l o w pu l se (b low-back) of n i t r o g e n t h r o u g h the 
f i l ter in o r d e r to r e m o v e the fo re ign p a r t i c u l a t e m a t e r i a l s p r i o r to the 
f luor inat ion s tep or ope ra t i ng the f i l t e r u n d e r f lu id ized cond i t i ons . 

2. G e n e r a l C h e m i s t r y and C h e m i c a l E n g i n e e r i n g 

a. P r e p a r a t i o n of U r a n i u m M o n o c a r b i d e . The second of two runs 
to p roduce u r a n i u m m o n o c a r b i d e by the add i t ion of d e g a s s e d a c t i v a t e d 
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charcoal to a zinc-14 w/o magnesium solution containing enriched uranium 
was completed. In this run, reaction at 800°C was continued for 19 hr and 
the settling time was 3.|- hr, as compared with 12 and 1 hr, respectively, in 
the preceding run. A yield of 471 g of UC from a charge which contained 
524 g of enriched uranium (93% U ) was obtained. The improvement in 
yield (85% versus 78% in the preceding run) is attributed to the longer r e ­
action and settling t imes . 

3. Chemical-Metal lurgical P r o c e s s Studies 

Thermodynamic functions a re being determined for metallic systems 
that a re of importance to pyrometal lurgical p rocesses and for systems where 
knowledge of the thermodynamics will be part icularly useful for the testing 
of theories of metal l ic solutions. In the systematic study of the thermody­
namics of r a r e ear th-cadmium intermetal l ic systems, it is necessary to 
know the tempera ture of the eutectic between MCd and M (M = r a r e earth 
metal) . The eutectic t empera tures experimentally determined for six sys­
tems (La-Cd, Ce-Cd, P r -Cd , Nd-Cd, Sm-Cd, and Gd-Cd) thus far studied 
have been corre la ted , by means of the thermodynamic relation derived for 
an ideal solution system with MCd and M as terminal phases . The atom 
fraction of M at the eutectic in the six systems was found to be 0.65 ± 0.04. 

4. Calor imetry 

The combustion of uranium monosulfide in fluorine is being studied 
in work aimed at determining the heat of formation of US. A fluorine flow 
reaction vesse l (see P r o g r e s s Report for January 1964, ANL-6840, p. 77) 
fabricated of Pyrex has been used for prel iminary combustions of US in 
fluorine. Grea te r than 99.8% combustion of US was achieved without gross 
melting of the UF4 intermediate and without detectable attack on the nickel 
support dish. This reaction will next be studied in a nickel reaction vessel 
which is now being fabricated. 

A se r ies of seven combustions of tantalum diboride in fluorine have 
been completed. P r io r to calculation of the heat of formation of tantalum 
diboride from these data, additional information is being obtained on the 
values of the cor rec t ions for side react ions. 

Work has begun to determine the heat of formation of gadolinium 
tr if luoride. A pre l iminary combustion se r i es of gadolinium in fluorine has 
been completed, with connbustion yields near 95 percent. Several changes 
in combustion techniques a re planned for the next ser ies in order to im­
prove the combustion yields. 
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H. Plutonium Recycle Reactor 

1. Plutonium Recycle Fuel 

Fabrication of the fuel loading for the Plutonium Recycle Experiment 
(see Progress Report for May 1964, ANL-6904, pp. 91-93)is a joint Argonne-
Hanford program. 

A total of 90% of all PUO2-UO2 oxide fuel required for the Plutonium 
Recycle loading has been processed through the Nupac step. 

A total of 1500 central-type Plutonium Recycle fuel rods acceptable 
for reactor service have been loaded. An additional 450 rods not acceptable 
for service are being used in approach to cri t ical and other physics tests at 
Hanford. 

All of the components and hardware needed by United Nuclear Corpo­
ration for the enriched and natural fuel-element loadings have been ordered. 
All of the Zircaloy-2 s t r ip stock has been delivered and accepted. Tooling 
for forming and welding fuel cans has also been accepted. All of the 
Zircaloy-2 jacket tubing has been fabricated to size and given a final anneal. 
Approximately one-half of this tubing has been processed through the final 
inspection and accepted for loading. Evaluation lots of natural UO2 pellets, 
enriched UO^ pellets containing burnable poison, Zircaloy-2 end plug stock, 
Zircaloy-2 jacket tubing, finish-machined end plugs, s tainless steel retainer 
springs, stainless steel upper support gr ids , and stainless steel lower end 
fittings have been delivered to, inspected, and accepted by ANL. Upper sup­
port grids for plutonium fuel rods and stainless steel lower support grids 
have been rejected as not conforming to specifications and will be replaced. 
All of the 144 evaluation rods have been fabricated and tested and delivered 
to ANL for final inspection. 

All the natural UO^ pellets have been fabricated, tested, inspected, 
and assembled into weighed stack heights ready for loading into fuel jacket 
tubing. 

All 6% enriched UFj, has been converted to oxide, and all mas te r 
blends of enriched high-fired UOj with the required concentration of r a re 
earth oxides have been prepared. Approximately one-third of the enriched 
UO2 containing the cor rec t proportion of mas te r blend UOz-rare earth oxide 
has been processed to finished pellets. 

2- Plutonium Recycle Control Rods 

The boron-stainless steel for the new control rods was fabricated 
by Carpenter Steel Co. in accordance with ANL specifications. The total 
boron content analysed 1.92 to 1.94 w/o for s t r ip from Heat No. V-9 1077 
and 1.86 to 1.87 w/o str ip from Heat No. V-91084. 
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A l l h a f n i u m f o r t h e o s c i l l a t o r r o d w a s c o n v e r t e d t o p l a t e s t o c k b y 

W a h C h a n g C o r p o r a t i o n f r o m m a t e r i a l f u r n i s h e d b y A N L . 

C o m p l e t e d c o n t r o l r o d s a n d o s c i l l a t o r r o d a r e b e i n g f a b r i c a t e d b y 

D r e s s e r P r o d u c t s , I n c . , G r e a t H a r r i n g t o n , M a s s . , i n a c c o r d a n c e w i t h A N L 

s p e c i f i c a t i o n s . 

3 . P h y s i c s C a l c u l a t i o n s 

A s p a r t of t h e P l u t o n i u m R e c y c l e E x p e r i m e n t , i t i s p l a n n e d t o i r r a d i ­

a t e f o i l s w h o s e a c t i v a t i o n w i l l y i e l d i n f o r m a t i o n a b o u t t h e s l o w - n e u t r o n s p e c ­

t r u m . B e s i d e s d e t e c t i n g c h a n g e s i n t h e s p e c t r u m c a u s e d b y c h a n g e s in t h e 

m o d e r a t o r t e m p e r a t u r e a n d d e n s i t y , w e w a n t t o d e t e c t t h e d e p r e s s i o n s i n 

t h e f l u x c a u s e d b y a b s o r p t i o n i n t h e 0 . 3 - e V r e s o n a n c e of P u ^ ^ ' a n d t h e 1 . 0 5 - e V 

r e s o n a n c e of P u ^ ' ' ° . T o h e l p d e c i d e w h i c h f o i l s s h o u l d b e u s e d , T H E R M O S 

p r o b l e m s w e r e r u n a n d t h e r a t i o s of t h e a c t i v i t i e s of v a r i o u s n u c l i d e s w e r e 

r e c o r d e d f o r e i t h e r t h e e n e r g y i n t e r v a l f r o m 0 t o 0 . 5 3 2 e V o r f r o m 0 . 5 3 2 t o 

1 .56 e V . T h e r e s u l t s of t h e c a l c u l a t i o n s s h o w e d t h a t s e v e r a l a c t i v a t i o n r a t i o s 

c a n d e t e c t t h e h a r d e n i n g of t h e s p e c t r u m w i t h i n c r e a s e d m o d e r a t o r t e m p e r ­

a t u r e a n d t h e a c c o m p a n y i n g d e c r e a s e d m o d e r a t o r d e n s i t y , a n d a l s o t h a t t h e 

a c t i v a t i o n r a t i o f o r I r ' " / l r " ^ c h a n g e s s i g n i f i c a n t l y w i t h Pu^*° c o n c e n t r a t i o n . 

T h e c a l c u l a t i o n s w e r e m a d e f o r f u e l i n t h e p l u t o n i u m z o n e a t u n i f o r m 

c e l l t e m p e r a t u r e s of 6 8 ° F , 3 2 5 ° F a n d 4 8 9 ° F ; t h e d e n s i t y of t h e w a t e r m o d e r ­

a t o r w a s t a k e n a s t h a t of t h e s a t u r a t e d l i q u i d a t t h e t e m p e r a t u r e of t h e 

m o d e r a t o r . In T a b l e s X X V a n d X X V I , v a r i o u s a c t i v a t i o n r a t i o s a r e g i v e n a t 

f o u r p o s i t i o n s i n t h e c e l l : a t t h e c e n t e r of t h e f u e l , i n t h e f u e l n e a r t h e f u e l -

c l a d d i n g i n t e r f a c e , i n t h e m o d e r a t o r n e a r t h e m o d e r a t o r - c l a d d i n g i n t e r f a c e , 

a n d i n t h e m o d e r a t o r n e a r t h e e d g e of t h e c e l l . 

Table XXV. Ratios of Foi l Activat ions for the Energy Interval 0-0.532 eV 

68°F 325°F 489°F 68°F 
Radius (cm) Ratio C% BU 0% BU 0% BU 0.6% BU 

0 P ^ f i s s / ^ A ' ^•° ' - ^^^ ' -^^^ ^- '^^ 
0.4295 '^^ 1.030 1.180 1.319 1.121 
0.5534 1.052 1.215 1.368 1.105 
0.7281 1.050 1.218 1.377 1.082 
0 Eu '5V(l /v) 1.0 1.190 1.391 1.167 
0.4295 0.989 1.184 1.387 1.092 
0.5534 0.979 1.179 1.384 1.032 
0.7281 0.954 1.155 1.360 0.976 

0 L u " V ( l / v ) 1.0 1.278 1.417 1.085 
0.4295 0.985 1.261 1.398 1.047 
0.5534 0.972 1.245 1.381 1.015 
0.7281 0.955 1.227 1.364 0.984 

0 L ^ ' V P u f i s s ' O ' • ' ^ ' ' ' • ^ ^ ' ° ' ^ ^ 
0.4295 0.957 1.068 1.068 0.934 
0.5534 0.924 1.025 1.010 0.918 
" • " « ! 0.909 1.007 0.991 0.909 
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Table XXVI. Ratios of Foil Activations for the Energy Interval 0.532-1.56 eV 

Radius (cm) 

0 
0.4295 
0.5534 
0.7281 

0 
0.4295 
0.5534 
0.7281 

0 
0.4295 
0.5534 
0.7281 

Ratio 

I r " y i r ' " 

I r ' " / ( l / v ) 

I r " V ( l / v ) 

68°F 
0% BU 

1.0 
1.010 
1.020 
1.025 

1.0 
1.0Z3 
1.045 
1.057 

1.0 
1.012 
1.024 
1.031 

325°F 
0% BU 

0.920 
0.930 
0.940 
0.944 

0.966 
0.987 
1.010 
1.020 

1.049 
1.062 
1.074 
1.080 

489°F 
0% BU 

0.810 
0.819 
0.830 
0.817 

0.913 
0.934 
0.967 
0.973 

1.128 
1.141 
1.165 
1.191 

68°F 
0.6% BU 

1.874 
1.627 
1.273 
1.020 

1.273 
1.189 
1.055 
0.943 

0.679 
0.730 
0.829 
0.925 

F r o m Table XXV, for the i n t e r v a l 0-0 .532 eV, we s ee tha t the a c t i ­
vation r a t io s for P u | f g g / ( l / v ) , E u ' ^ ' ^ l / v ) , L u ' ' V ( l / v ) , and L u ^ y P u f f ^ ^ a r e 
a l l s t rongly dependent upon m o d e r a t o r t e m p e r a t u r e a t a l l po in t s in the cel l . 
Thus the effect of m o d e r a t o r t e m p e r a t u r e on s p e c t r u m can be d e t e c t e d from 
the ac t iva t ion of dilute s p h e r e s p l aced in tubes a t the edge of a ce l l . How­
ever , effective c r o s s s ec t i ons for p lu ton ium i s o t o p e s canno t be i n f e r r e d from 
m e a s u r e m e n t s a t the edge of the ce l l b e c a u s e the d e p r e s s i o n s in the flux 
caused by a b s o r p t i o n by t h e s e i s o t o p e s wi l l have d ied away , a s can be seen 
f rom F i g u r e s 25 and 26. If m e a s u r e m e n t s w e r e to be m a d e n e a r the 
m o d e r a t o r - c l a d d i n g in t e r f ace , it would be p o s s i b l e to d e t e c t the i n c r e a s e 
in concen t ra t ion of Pu^^° with bu rnup f rom the a c t i v a t i o n r a t i o of I r ' " to 
I r ' as can be seen f rom Table XXVI. 

1 1 1 1 1 

RADIUS = 

-

- /f 

- V 

'"1 1 

0 . 7 2 B I cm-V 

j2 'A^ ^a_, 

^ RADIUS - 0 . B 5 3 U cm 

- ^ R A D I U S = 0 . U 2 9 6 cm 

RADIUS • 0 cm 

m l 1 

-

-

^ ^ -

-

1 1 1 1 1 1 1 

Figure 25 

Neutron Flux in the Energy Range 
0.001 eV to 0.53 eV; Cell Tem­
perature 68 F; 0 Burnup 
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0,5 0.6 0.7 

Figure 26. Neuuon Flux in the Energy Range 0.55 eV to 1.60 eV; 
Cell Temperature 68°F; 0 Burnup 

The c a l c u l a t i o n a l m o d e l be ing u s e d for the p h y s i c s eva lua t ion of the 
E B W R P l u t o n i u m R e c y c l e E x p e r i m e n t h a s been t e s t e d a g a i n s t da ta f rom 
H a n f o r d ' s c r i t i c a l e x p e r i m e n t s with z i r c o n i u m - c l a d PUO2-UO2 r o d s and 
f r o m the YANKEE c r i t i c a l e x p e r i m e n t s with s t a i n l e s s - s t e e l - c l a d UO2 r o d s . 
The c a l c u l a t i o n a l m o d e l i s b a s e d upon the GAM, SOFOCATE, DSN, and 
R P - 1 2 2 c o d e s . 

The n o r m a l GAM l i b r a r y is u s e d excep t that m a t e r i a l s 132 and 133 
(which inc lude r e s o n a n c e p a r a n n e t e r s ) a r e u s e d for Pu^* and U^^^, r e s p e c ­
t ive ly , and m a t e r i a l 139 i s u s e d for U^'^. The use of m a t e r i a l 12 for U ^ " 
r e s u l t s in c a l c u l a t e d r e a c t i v i t i e s which a r e f r o m 2% to 4% h ighe r than 
found by e x p e r i m e n t , with the g r e a t e s t e r r o r a t s m a l l w a t e r to m e t a l r a t i o s . 
The " K e l b e r " S O F O C A T E (with " f ree g a s " s c a t t e r i n g ) l i b r a r y is u sed with 
the fol lowing c h a n g e s : 

v^^ = 2.91 

af = 1.015 X o f (SOFOCATE) 

a l ° = 2.0 X a f (SOFOCATE) a a 

a 
,25 

= 1.43 X a 

2.422 

(SOFOCATE) 

The i m p o r t a n t p a r a m e t e r s and the e r r o r s in the c a l c u l a t e d r e a c t i v i ­
t i e s a r e g iven in T a b l e s XXVII and XXVIII for the YANKEE and Hanford 
c r i t i c a l s , r e s p e c t i v e l y . 



78 

Table XXVII. Data for YANKEE Critical Experiments 

HjO/UOj 
Rat io 

1.05 
1.41 
1.86 
3.38 

Equiva len t 
B a r e Height 

(cm) 

135.6 
135.1 
135.6 
133.5 

To ta l 
Buckl ing 

(cm-2) 

0.00407 
0.00532 
0.00633 
0.00656 

T- a E r r o r 

(%k) 

+ 0.7 + 0.4 
+ 0.3 
+ 0.5 

TT b 

E r r o r 
(%k) 

T 4 . 0 

+ 3.0 
+2.2 
+ 1.7 

F u e l D i s a d v a n t a g e 
F a c t o r 

Expe r i m e n t a l 

1.14 ± 0.03 
1.16 ± 0.03 
1.17 ± 0.03 
1.25 ± 0.08 

C a l c u l a t e d 

1.118 
1.129 
1.140 
1.170 

aOAM material 139 used for U"" 
bCAM material 12 used for U " ' 
oFuel pin radius = 0.381 cm; cladding thickness = 0.0407 cm; 
U"^ enrichment = 2.73 a/o. 

Table XXVIII. Data for Hanford Critical Experiments'^ 

H j O / u O j 
Rat io 

1.10 
2.71 
3.79 
5.14 

P u " ' 
(a /o) 

1.366 
1.366 
1.366 
1.366 

E n r i c h m e n t s 

Pu2« 
(a /o) 

0.117 
0.117 
0.117 
0.117 

P u " ' 
(a /o) 

0.011 
0.011 
0.011 
0.011 

U235 

(a /o) 

0.219 
0.219 
0.219 
0.219 

E q u i v a l e n t 
B a r e He igh t 

(cm) 

137.7 
137.7 
137.1 
139.6 

To ta l 
Buckl ing 

(cm-^) 

0.00510 
0.00785 
0.00749 
0.00554 

E r r o r ^ 
(%k) 

- 0 . 5 
-0 .7 
- 0 . 4 
+ 0.2 

E r r o r ' ' 
(%k) 

- 0 . 3 
-0 .7 
- 0 . 5 
+ 0.1 

^Correction factor on Of (= 1.015) appropriate for the lattice with HjO/UOj 
2.71 was used for all lattices. 

bAppropriate correction factors (1.021, 1.015, 1.014, 1.013 for HjO/UOj = 
1.10, 2.71, 3.79, 5.14 respectively) on Of' derived for each lattice. 

cFuel pin radius = 0.472 cm; cladding thickness = 0.0685. 
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IV. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Research Reactor ( A A R R ) 

1- Core Physics 

a- Burnup Calculations. The CYCLE 2 code^^ (RP282) is being 
used to investigate burnup with various burnable poisons, including Sm" ' , 
B , and natural europium, initially present . The resulting graphs of kg£f 
versus burnup time interval are presented in Figure 27. 

• — B 10 (NONE REGION 

B 10 (NONUNIFORM) 

B 10 (UNIFORM) 

- — Eu (NATURAL) 

NO BURNABLE POISON 

BURNUP T IME I 

Figure 27. Calculated Burnups in AA9R 

S i x t e e n - g r o u p c r o s s s e c t i o n s s e t s have been u s e d in the c a l ­
c u l a t i o n s inc lud ing c r o s s s e c t i o n s g e n e r a t e d for e u r o p i u m i s o t o p e s 151-155. 
It w a s a s s u m e d tha t 18.2% of the Eu '^ ' which a b s o r b e d n e u t r o n s was t r a n s ­
f o r m e d in to Gd with an a s s u m e d c r o s s s ec t i on of z e r o . The r e m a i n i n g 
Eu which a b s o r b e d n e u t r o n s was a s s u m e d to advance m a s s w i s e in the 
fol lowing s e q u e n c e : 

E u ' Eu>^2 - E u ' Eu ' ' * ^ E u ' E u ' 

A c r o s s s e c t i o n of z e r o was a s s u m e d for Eu . Eu ' has an 
a p p r e c i a b l e c r o s s s e c t i o n and c o n t r i b u t e s s ign i f i can t ly to n e u t r o n 
a b s o r p t i o n . 

T h e i n i t i a l r a t i o s of po i son a t o m s to U^^^ a t o m s in the c o r e 
a r e a s fo l lows: 

l ^ T o p p e l , B . , A v e r y , R., and F i s c h e r , G., Cyc le Cos t Codes for F a s t 
R e a c t o r F u e l Cyc le A n a l y s i s and R e l a t e d C o s t s and Eva lua t ion , 
A m . Nuc l . S o c , Vol. 5, No. 1, p. 92. 
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M a t e r i a l A t o m i c R a t i o of P o i s o n to U 

S m " " 
B ' " (case l) 
B'O (case 2) 

B ' " (case 3) 
E u r o p i u m 

0.0324 
0.0295 (un i fo rm) 
0.0490 (nonuni fo rm r e g i o n s 1-13, 15-18)13 
0.0245 (nonun i fo rm r e g i o n 14)^3 
0.2640 (none in r e g i o n 14) 
0.0243 

Region 14 is the l a r g e , i n t e r i o r c o r e r e g i o n . 

Different po i son c o n c e n t r a t i o n s and c o n f i g u r a t i o n s a r e being con­
s i d e r e d , t oge the r with c o m b i n a t i o n s of p o i s o n s and the u s e of t h e r m a l 
n e u t r o n - a b s o r b i n g l i n e r s a t c o r e - r e f l e c t o r i n t e r f a c e s . T h e s e l i n e r s a r e 
" g r e y " in tha t they a b s o r b only a s u b s t a n t i a l f r a c t i o n of the inc iden t t h e r m a l 
n e u t r o n s . 

b . F i n e P o w e r D i s t r i b u t i o n . The power v a r i a t i o n wi th in the f i r s t 
eight fuel p l a t e s , count ing f r o m the i n t e r n a l t h e r m a l c o l u m n - c o r e in te r face , 
has been d e t e r m i n e d by a t r a n s p o r t - t h e o r y , s l a b - g e o m e t r y p r o b l e m using 
the p r e v i o u s l y c i ted 1 6 - g r o u p se t of c r o s s s e c t i o n s . T h e v a r i a t i o n within 
each p la te i s n e a r l y l i n e a r , d e c r e a s i n g in o r d e r of d i s t a n c e f r o m the t h e r m a l 
co lumn and d e p a r t i n g f r o m l i n e a r i t y s o m e w h a t at t he i n n e r s u r f a c e . Inner to 
ou te r s u r f a c e r a t i o s of power g e n e r a t i o n a r e g iven in T a b l e XXIX. 

Tab le XXIX. Ra t io of V o l u m e t r i c P o w e r G e n e r a t i o n 
a t Inner Sur face to tha t at O u t e r Sur face 
of AARR F u e l P l a t e s 

Plate # 
(Counting from 

ITC-Core 
Interface) 

1 
2 
3 
4 

Fuel and Core Design 

Ratio 

1.10 
1.11 
1.13 
1.14 

Plate # 
(Counting from 

ITC-Core 
Interface) 

5 
6 
7 
8 

Ratio 

1,15 
1.14 
1.12 
1.09 

Work done by Sylcor and A d v a n c e d T e c h n o l o g y L a b o r a t o r i e s , who 
w e r e r e q u e s t e d to m a k e s e v e r a l d e p l e t e d - u r a n i u m , m o d i f i e d - a r m y - r e a c t o r -
type fuel p l a t e s us ing the b a s i c s p e c i f i c a t i o n now in u s e for c u r r e n t a r m y 
fuel f ab r i ca t i on c o n t r a c t s , but inc lud ing s u g g e s t e d m o d i f i c a t i o n s to the bas ic 

13 
A N L - 6 9 0 4 , R e a c t o r D e v e l o p m e n t P r o g r a m P r o g r e s s R e p o r t , 
May 1964, p. 95. 



processes involved, was completed. Some improvement in homogeneity of 
dispers ion and microscopic distribution of the uranium oxide in the matr ix 
was achieved in certain a r e a s . Fractur ing of the spherical oxide part icles 
remains as the largest single factor affecting optimum distribution of oxide 
in the matr ix . 

Battelle Memorial Institute has made sample plates with spherical 
oxide which had less than the desired crushing strength, and has attempted 
to determine where changes in the manufacturing process normally used for 
a rmy reac tor fuels may be al tered to produce low fragmentation of the 
porous oxides. 

Martin Company has succeeded in adapting the fuel-fabrication 
process developed for the PM-1 core tubular fuel to the flat-plate AARR 
fuel. P la tes having acceptable dimensional tolerances have been obtained 
by extruding the wet, coated oxide through flat-plate dies, followed by drying, 
sintering, hydrostat ic pressing, annealing, hydrostatic pressing, and hot 
rolling of the compact in a "picture f rame" to form the finished fuel plate. 
This process requ i res only a 2: 1 to 3: 1 reduction in the hot rolling process 
and resu l t s in a very high-quality distribution with very little damage to the 
oxide. 

Pyromet Company has completed a se r i es of vacuum furnace and 
hydrogen furnace braze metal bond tes ts in order to a s sess the net strength 
and ductility as well as "wetting" action of the first se r ies of braze mate­
r i a l s . Most of the mate r ia l s tested have behaved as expected, in that the 
h igher - t empera tu re brazing alloys provided the best joints. It is hoped that 
a lower - tempera tu re braze mate r ia l can ultimately be developed, 

3. Beam Tubes for the Experimental Facili ty 

A conceptual mechanical design (see Figure 28) of the beam (blind) 
tubes has been completed and appears promising. A similar design is con­
templated for the through tubes. Basically, the design is character ized by 
a bol t -breech mechanism for connecting the beam tubes to the reactor vesse l 
nozzle. The bol t -breech fastening, in addition to permitting ease of remote 
assembly or d isassembly of the beam-tube components, is removable, since 
it is not an integral part of the vesse l nozzle, by loosening the bolts until 
the breech can be rotated sufficiently to be removed. Thus, the bolt and 
internal th reads which a re most likely to be damaged are easily replaced. 
A bol t -breech connection is also used to make the transit ion to the shield 
tank nozzle. 



BLIND TUBE BOLT BREECH 

SHIELD T«NK 

REICTOR VESSEL 

Figure 28. Design of Beam Tube 
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The beam (blind) tube assembly between the shutter and tube tip con­
s is ts of six major components: l) the aluminum beam tube, 2) the stainless 
s teel nozzle alignment adapter, 3) the stainless steel beam tube adapter, 
4) the coll imator (not shown), 5) the bol t-breech connectors, and 6) the shield 
tank t ransi t ion bellows. These components when assembled perform four 
major functions: l) seal the beam tube to the reactor vessel nozzle against 
800-psig p re s su re , 2) seal the beam tube adapter to the shield tank nozzle 
for confining the pool water, 3) provide a flexible bellows between the r e ­
actor vesse l and shield tank nozzles to account for thermal expansion, m i s ­
alignment, and movement, and 4) provide the initial coUimation of the 
neutron beam for the experimenter . 

4. Cri t ical Experiment 

Fuel-foil delivery has dropped below the expected rate, reportedly 
as a resul t of uranium corrosion damage encountered because of moisture 
damage in a storage vault at the suppl ier ' s factory. No fuel was delivered 
during July, but fuel delivery is expected to resume during August. Suffi­
cient fuel to complete the initial loading is expected to ar r ive during August. 

Application of fuel-cladding envelopes to the bare uranium foil is 
necessa ry before fuel may be loaded into the cr i t ical experiment. Satisfac­
tory samples have been produced by ANL Central Shops. 

Fabr icat ion of hafnium control blades for the cr i t ical experiment 
has been delayed- The hafnium is on hand and awaits completion of fabri­
cation in ANL Central Shops. 

B. Magnetohydrodynamics ( M H D ) 

1. MHD Studies with Liquid Metals 

A comparison of the jet pump and the two-phase nozzle system under 
identical operating conditions has been made. Neither system has any ad­
vantage over the other. A comparison of potassium versus mercury as cycle 
fluids does not show any advantage of mercury , even if the mater ia ls prob­
lems are ignored. 

Cycle analysis of the condensing ejector liquid metal MHD system 
have been initiated to determine its feasibility and potential commercia l 
application. A comparison will be made with the extensive cycle analyses 
of the one- and tv/o-component two-phase cycles. One will then be selected 
for concentrated study. 

A major unknown in the condensing ejector cycles is the efficiency 
of the ejector itself. The l i te ra ture has been searched for available data. 
Where possible, efficiencies based on an isentropic analysis a re being com-

:.-.' '-- formulate a rough empir ical correlat ion for the ejector efficiency 
._ :,'.: on of operating pa rame te r s . 
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C. Regenerative EMF Cells 

1. Bimetallic Cells 

a. Thermal Regeneration Studies. Additional scouting experiments 
were performed to determine whether the components of the sodium-bismuth 
system could be separated thermally under conditions of pract ical signifi­
cance to the regeneration of a sodium-bismuth emf cell. In each test, a 
sample of Na3Bi was located at one end of a sealed tube (316 stainless steel, 
3/4-in. dia by 20 in. long) and was heated to 904-909°C for three days while 
the other end of the tube was maintained at a lower tempera ture . The con­
densation temperatures ranged from 525 to 712°C. At the end of the heating 
period, each tube was quenched, and the residue at the hot end and the con­
densate at the cool end were analyzed for sodium and bismuth. The conden­
sate was found to be essentially pure sodium. The concentrations of sodium 
in the hot-end residues at the several condensation tempera tures tested were 
as follows: 15 a/o at 525°C, 48 a/o at 616°C, 54 a/o at 651°C, and 62 a/o at 
712°C. In each test, a small amount of Na3Bi was found deposited in a zone 
between the hot and cold ends of the tube. It may be possible to eliminate 
the solid-vapor equilibrium (and thereby prevent deposition of Na^Bi) by in­
creasing the pressure of the system. Experiments at higher condensation 
temperatures have been carr ied out to test this possibility. The resul ts of 
these tests are not yet available. 

b. Spectrophotometric Studies of Alkali Metal Tellurides in Molten 
Salts, The spectra of lithium, sodium, potassium, and cesium tel lurides in 
several alkali metal halides have been determined. Tlie following systems 
were studied; Li2Te in LiCl, LiCl-LiF, LiCl-KCl, and CsCl; NajTe in CsCl 
and NaCl-NaF; K2Te in KCl; and CSiTe in CsCl. All of the alkali metal 
tellurides exhibited an intense absorption band. In addition, the spectra of 
Li2Te in LiCl and LiCl-LiF exhibited peaks at about 470 mfi, and the spec­
trum of Na2Te in CsCl exhibited inflection points at 570 and 500 mu . 

c- Absorption Spectra of LijBi and KjBi in Molten Salts. The ab­
sorption spectrum of Li3Bi in LiCl-LiF was reported previously (see Prog­
ress Report for February 1964, ANL-6860, p. 95). The spectrum was 
characterized by a single absorption band whose long wavelength edge was 
located at 613 m^ , A similar spectrum was obtained for LijBi in LiCI. 

The spectrum of KjBi was determined in molten LiCl-KCl and 
m CsCl. The spectrum of K3Bi in LiCl-KCl at t empera tu res of 500 to 1000°C 
exhibited an absorption band similar to the band observed with LijBi and, in 
addition, exhibited an absorption peak at about 495 mfi. The spectrum of 
K3B1 m CsCl at 700°C showed the absorption band, but no other peaks. How­
ever, when the solution was heated to 1000°C and then cooled to about 700°C, 
two peaks were visible: one at about 600 mfj. and the other at 390 mjii. To 
determine whether the two peaks observed after tempera ture cycling were 
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the resul t of the formation of Cs3Bi at the high tempera ture , the spectrum 
of Cs3Bi in CsCl was determined. No evidence of the two peaks was ob­
served until the solution had been heated to 1000°C and then cooled. On 
cooling the solution to 650°C, inflection points were observed at 390 and 
600 m ^ . These findings suggest that the two peaks a re not due to Cs3Bi; 
additional studies a re in p rogress to determine the nature of the absorbing 
species . 
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V. NUCLEAR SAFETY 

A. Thermal Reactor Safety Studies 

Metal-Water Reactions 

a. Laser-beam Heating Applications. Additional experiments were 
carried out to determine the effect of laser energy outputs on the extent of 
the aluminum-water reaction. In previous experiments (see P r o g r e s s Re­
port for February 1964, ANL-6860, p. 97), 1 x 1 x 0.025-mm aluminum foils 
submerged in water were subjected to laser energy outputs that varied from 
10.4 to 28.7 Joules. The extent of reaction was found to be about 8%, inde­
pendent of the laser outputs. In the present experiments, 2 x 2 x 0.025-mm 
aluminum foils were exposed to laser outputs of up to 50 Joules . No reaction 
of aluminum with water occurred when the laser outputs were less than 
17 Joules. For a laser output of 20 Joules, the extent of reaction was 9%; for 
an output of 50 Joules the extent of reaction was 15%. The increase in the 
extent of reaction obtained when the laser output was 50 Joules may be asso­
ciated with the fact that several metal spheres were formed at the higher 
output instead of the single sphere that is formed at lower outputs. 

Experiments were also performed with 1 x 1 x 0.05-mm foils 
and with 2 x 2 x 0.05-mm foils. The extent of reaction for these foils was 
11% at 33 Joules and 13% at 42 Joules. 

These studies suggest that the extent of the aluminum-water 
reaction is roughly independent of the laser energy outputs for energies 
sufficiently large to initiate the reaction. 

b. Calculation of P r e s s u r e History of a Reactor during an 
Excursion. Calculations of transient heat t ransfer and p re s su re buildup 
occurring during a violent nuclear excursion were continued. Equations 
describing the SPERT-1 destructive excursion with a plate-type core were 
programmed for the CDC 3600 digital computer. 

In the calculation of the destructive (second) p re s su re pulse, it 
was assumed that the p ressure pulse resul ted from the sudden dispersa l of 
the molten portion (35%) of the SPERT-ID core and that a fresh surface of 
molten metal was thereby exposed to water. Calculations were made which 
assumed that the fresh surface a rea was equal to or was five or ten t imes 
greater than the a rea of the molten portion of the core . For each of the 
three surface a reas , it was also assumed that all of the s team had condensed 
or that 21, 210, 2100, or 6000* cc of s team (or hydrogen) was present . The 
set of parameter values that agreed best with the experimental findings 
(3000 to 4000 psi in a r i se time of 150 (usee) was a surface a rea ten t imes 

*Zivi, S. M., Space Technology Laboratory, Redondo Beach, Calif., 
private communication. 
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grea te r than the a rea of the molten portion of the core and a nea r - ze ro vol­
ume of gas (i.e., near ly all of the water vapor in a condensed state) at the 
beginning of the pulse. The resul t s of these calculations suggest that the 
second p re s su re pulse in the SPERT-ID test could have been a steam 
explosion. 

2. Metal Oxidation-ignition Studies 

3.- Ignition Studies of Irradiated Uranium. Preparat ions are being 
made for the study of the ignition behavior of irradiated, 20% enriched u ra ­
nium. P re l imina ry experiments have been performed with control samples 
in both oxygen and in a i r . The ignition tempera tures were found to be 600°C 
in oxygen and 67 5°C in a i r . 

Samples from the same batch of uranium were also subjected to 
17 thermocycles between 43°C and 260-270°C prior to ignition to determine 
whether fission product heating might affect the ignition tempera tures . The 
ignition t empera tu res after the rmal cycling were 592 and 598°C in oxygen 
and 667°C in air , thus indicating that fission product heating will not be an 
important factor in ignition experiments with i rradiated uranium. 

b. Thermal Conductivity of Oxide Powders . An equation for the 
the rmal conductivity of oxidized spherical powders has been developed for 
par t ic les in an orthorhombic arrangement . The mathematical t reatment 
was the same as that for unoxidized metal par t ic les (see P r o g r e s s Report 
for May 1964, ANL-6904, p. 109), except that in the new model consideration 
was given to the effect of a spherical shell of oxide around each part icle, the 
shell having a different the rmal conductivity than that of the metal . The 
theory showed good agreement with experimental r esu l t s . 

c. Aluminum-U3O8 Reaction. Additional studies a re being made 
of the aluminum thermite reaction (see P r o g r e s s Report for June 1964, 
ANL-6912, p. 95). The present experiments are being car r ied out with 
40 w/o U308-aluminum specimens. P re l imina ry resul ts indicate that the 
react ivi ty of s intered samples is grea ter than that of unsintered samples. 
However, self-heating ra tes of both sintered and unsintered samples of 
40 w/o U3O8-aluminum a re much lower than those of 85 w/o U308-aIuminum 
specimens. The resu l t s of the tes t s indicate further that only about two-
thirds of the initial reduction reaction (U3O8 to UO2) occurs at a high rate 
and that the remainder of the reaction occurs at a low, steady ra te . 

B. Fas t Reactor Safety Studies 

1. Meltdown in Flowing Sodium 

The first Mark-I integral TREAT sodium loop together with the test 
specimen of seven pins was returned to Argonne, Illinois from Idaho after 



the previously reported ser ies of transient i rradiat ions of an EBR-II sample 
in a flowing sodium environment (see P r o g r e s s Report for June 1964, ANL-
6912, p. 96). The loop was opened, the sodium melted, and the test section 
removed with the loop-disassembly apparatus, all remotely. The purity of 
the inert atmosphere was adequate throughout all operations. 

In order to check out the apparatus for eventual use with loops con­
taining samples with appreciable burnup, the equipment was set up in a cave 
mockup facility including remote manipulators and a cave window replica. 
All work proceeded smoothly and no operations were performed that could 
not be done in an actual cave. 

Inspection of the test section showed that the cladding had not failed 
but warped appreciably (maximum deviation from a straight cyclinder was 
~0.4 mm), around the spiral spacer wire, into a twisted configuration similar 
to that observed for EBR-II pins exposed in an inert gas a tmosphere . Al­
though the steel cladding had not been penetrated, a reas of uranium-stee l 
eutectic were found on the surface of the uranium alloy pin after the cladding 
has been removed. Irregular surface cracks , roughly paral le l to the pin axis 
and about 2 cm in length, were prominent on the pin as well. The cracks 
were filled with eutectic, with a general appearance suggesting that the sur­
face of the fuel had split open, and molten fuel penetrated to the surface 
where it reacted with the cladding. The maximum recorded centra l fuel 
temperature from the transients was 1280°C, 200°C above the melting range 
of 1000-1080°C, A large temperature difference, ~300°C, between centerline 
and fuel-cladding interface was calculated for an intact pin at the time of 
maximum center temperature during the maximum transient . Samples of 
pin were taken for radiochemical and metallographic analyses. 

2. Photographic Meltdown Experiments with Previously Irradiated Samples 

Previous photographic meltdown experiments in TREAT with i r radi ­
ated specimens have been performed with two EBR-II and two F e r m i A pins. 
Results obtained from these tes ts appear to be consistent with the ear l ier 
data from opaque tes ts , and have, in addition, added information on the 
timing of failures and mater ia l movements. Prepara t ions for a second se­
ries of photographic meltdown experiments in TREAT with previously i r r a ­
diated samples are in progress and will investigate the following: 

1. Transient fuel expansion and motion of a bare EBR-II fuel 
alloy cylinder during a constant-power reactor excursion. 

2. Transient fuel expansion and motion of a bare EBR-II pin 
segment during a short ( ~1 sec) excursion. 

3. Degree of vigor and modes of failure for a F e r m i A pin 
during a slow (-20 sec) t ransient . 
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4. Mode of failure for an EBR-II pin subjected to an axially-
shaped power profile by inclusion of tantalum thermal neutron 
flux absorbers inside the meltdown capsule. 

No sample thermocouples will be used with the first two samples. 
Although a procedure was established for satisfactorily welding chromel 
and alumel wires directly to the surface of an unirradiated EBR-II fuel alloy 
specimen, at tempts to weld fas t - response surface thermocouples to i r r ad i ­
ated fuel ma te r i a l inside a cave were unsuccessful. 

3. P r e s s u r e - p u l s e Calculations 

The general study of the charac te r i s t ics of a p ressure pulse produced 
during the expulsion of a vaporizing liquid from a coolant channel was con­
tinued, by applying the simplified analytic model to the case of an exponen­
tially increasing power source with a constant period, T. Previously, the 
model had been used only for a constant power input. Some of the relat ion­
ships derived for this case, under the "asymptotic" assumption e v ^ » 1, 
a re as follows: 

The t ime tj for the liquid to be expelled a distance Z^ is given by 

T hrif n AST^ / ' 

where mo is the coolant mas s , C is the (averaged) rat io of change in enthalpy 
divided by change in p re s su re of the saturated vapor, A is the c r o s s -
sectional a r ea of the coolant channel, and S is the initial power level. Evi­
dently ti is more sensitive to changes in T than Z^, and the relationship 
between Z^, mo, C, A, and S is presented directly. Similarly, the maximum 
p re s su re APj developed during the expulsion distance Z^ is 

APi =."^°^^ 
AT-^ 

and a par t icu lar ly simple form exists for the liquid velocity vi at ti: 

v i = Z j ( / T . 

If the coolant channel is sufficiently long, p re s su re will r i se until 
the velocity is so large that the rate of increase of the volume filled with 
vapor is g rea te r than the rate at which coolant can be vaporized to fill the 
volume without decreasing the p r e s s u r e . This maximum pressure APj^, ii 
given by 

APm = ( G b c ) ( ^ ) ' . 
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where G is defined as the averaged value of the product of vapor-specific 
volume and vapor pressure . The velocity v^ at A P ^ is given by 

Vj„ = (Gbc) mo/AT, 

^ m ~ (Gbc) mo/A. 

From the above, it is seen that vj is independent of mate r ia l proper­
ties, AP depends only on mo, and tj is comparatively insensitive to them. If 
two identical systems have different liquids, a re initially at saturation, have 
the same initial power levels, and have exponentially increasing power at 
constant (but not necessari ly the same) periods, then the differences (within 
the limits of this simplified model) caused by different liquids can be cal­
culated. Some relationships estimated from mater ia l proper t ies gathered 
from standard sources are as follows: 

(APi)Na o g / l H z O V l ^ ^ i k . 
(APi)H20 " • V "Na / ' (APi)Na 

(APm)Na , / ' ^ H ^ O N ' ( A P m k 

V ^ N . (^Pm)H20 " V ^Na / • (APm)Na " ' V ^K 

(^m)Na . 

(vm)H20 \ •̂ Na / ' (vm)Na 
HjO^ ^Vjn'K . f^Na. 

K 

^^mW : 3, i^mk log 
(2^m)H20 ' (Z,j^)j^^ 

Applications of these equations to generalized scaling es t imates for 
different fluids must be done carefully. If, for example, there a re two sys­
tems of identical size, initially at atmosphere p res su re , with identical power 
versus time curves, one containing water and the other sodium, and if the 
water system starts at ~60°C while the sodium system s ta r t s at ~300°C, 
then the values of S when saturation is reached will be different by a factor 
~5 and must be included in calculation of the scaling relat ionships. 

Comparisons can be made between resul ts obtained for exponentially 
increasing power and resul ts obtained for constant-power t es t s . If the same 
energy is applied as input to the coolant in two systems, the inputs being 
identical except that in one case it is applied at constant power and in the 
other case the power is applied exponentially with constant period T, then 
APj will be the same in both cases . However, in the exponential case, values 
for the liquid velocity and the distance traveled with both will be less . 
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'^' Reactor Tes ts with Meltdown Scanning Device 

A meltdown scanning system is under development to follow fuel 
movements during a meltdown experiment by detection of prompt fission 
neutrons emitted by the fuel specimens (see P r o g r e s s Report for January 
1964, ANL-6840, p. 95). 

Both s teady-state and transient runs were made at TREAT to test 
the response of the fast-neutron fuel-meltdown scanning equipment. Steady-
state, low-power runs were used to evaluate the detectors , electronic proc­
essing equipment, and visual display a r rangements . The meltdown transients 
were made to examine the dynamic response of a single-channel prototype 
detection, processing, and readout system. 

The electronic processing package, including the phototube link, was 
designed by the Argonne Electronics Division. Faul t less operation of the 
c i rcui t ry forecasts a good probability of achieving reliability in a mult i­
channel system. There a re indications that certain precautions against 
pickup of control rod e lec t r ica l noise must be incorporated in the design of 
the final system. 

Over one-half dozen photomultiplier tubes (both 10-stage and 6-stage 
tubes) were tested for relat ive noise level, gain, and to some extent for t ran­
sient response . A 10-stage tube, which also happens to be the least expen­
sive, was found to provide the best response under the conditions tested. It 
is worthwhile to r e m a r k at this point that the gamma and neutron background 
in contrast to the desired fuel pin signal r epresen t s an environment which 
cannot be duplicated away from TREAT either in t e r m s of relative and ab­
solute intensity, or in time dependence. For this reason, a set of 9 Hornyak 
buttons were tested in an effort to enhance the signal-to-background ratio, 
if possible . No improvement over the standard arrangement was observed. 

P r e l i m i n a r y resu l t s obtained from one transient test and recorded 
by a 1000-fps rotating p r i sm camera , indicated satisfactory performance of 
the ent ire camera system. The conversion of images from film density to 
exposure r equ i re s that care be taken to operate over a wide linear film 
range in order to avoid saturation effects at the peak power level. A suitable 
single-pulse threshold was not reached in the first t ransient set; further­
more , the camera was not run fast enough to avoid image saturation. These 
a re all m a t t e r s apparently within the range of adjustment by selection of 
operating p a r a m e t e r s . 

The problem of viewing through steel containment was investigated. 
Such problems might a r i se when performing experiments in FARET or e l se ­
where when the sample is surrounded by steel s t ructure . The resul t s of a 
s teady-s ta te run with various thicknesses of steel interposed between the 
fuel and the detector indicate a loss in resolution which is roughly equivalent 
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to an exponential dependence upon thickness, x, t imes the neutron absorption 
cross section, Z, of steel. Results are summarized in Table XXX, which is 
normalized so that the signal-to-background ratio for zero steel thickness 
is unity. A 9% enriched EBR-II pin was used in the standard opaque melt­
down capsule in the steady-state run. 

Table XXX. Relative Signal-to-background Ratios 

Steel 
Thickness, 

c m 

0 
0.635 
1.27 
2.54 
5.08 
7.62 

Relative 

r Signal 1 
LBackground] 

Ratio 

1,00 ±0.06 
0.69 ±0.06 
0.77 ±0.06 
0.58 ±0.06 
0.32 ±0.06 
0.15 ±0.05 

C. TREAT 

e -2x 

1.0 
0.85 
0.72 
0,53 
0.27 
0.15 

1. Large TREAT Loop 

The cold trap for the large loop has been completed by Central Shops 
and the components shipped to Idaho. The fabrication of the cask, cask plug, 
and drawer have been completed. The lead filling of the cask was completed. 
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